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ABSTRACT

EXPERIMENTAL AND NUMERICAL STUDY OF PROCESS PARAMETERS
EFFECTS TOWARDS PART QUALITY AND POROSITY DURING POWDER BED
ADDITIVE MANUFACTURING PROCESS
Subin Shrestha
August 03, 2020

Powder bed additive manufacturing (PB-AM) process utilizes an electron beam or
a laser as a heat source to melt the metallic powder particles. These processes have the
capability of freeform fabrication, however certain defects such as porosity, high surface
roughness, etc. would hinder its application. It is important to understand the effect of the
process parameters and the underlying physical phenomena, which lead to the formation
of such defects. In this regard, a three-dimensional (3D) thermo-fluid model is developed
to study the effect of beam speed on the surface morphology during powder bed electron
beam additive fabrication (PB-EBAF). Besides, the surfaces of PB-EBAF fabricated Ti6Al-4V parts are analyzed using a white-light interferometer. The results show that in
general, the build surface roughness along the beam moving direction slightly increases
with the scanning speed. On the other hand, the hatch spacing noticeably affects the
v

surface roughness in the transverse direction. In addition, the numerical model was
modified to incorporate powder particles and study the effect of powder distribution
towards the single-track formation during the laser powder bed fusion (LPBF) process.
The numerical results show that the single-track morphology and density depend on the
process parameters: scanning speed and laser power. Besides, micro-computed
tomography (micro-CT) is utilized to characterize the pores formed during the LPBF
process. Single tracks were fabricated with linear energy density (LED) ranging from 0.1
J/mm to 0.98 J/mm, and the samples were then scanned using micro-CT to measure
keyhole porosity. The results show that the severity of the keyhole porosity increases
with the increase of the LED. By keeping the LED constant in another single-track
scanning experiment, different combinations of the power and the speed were tested to
investigate the individual effect. The results show that for the same LED, the pore
number and volume increased with increasing the power to a certain critical level, beyond
which, the further increase and power resulted in fewer pore number and lower pore
volume.
The experimental results suggested that the dynamic phenomenon of a melt pool
during the LPBF process is complex and sensitive to process parameters. Hence, a
discrete element method (DEM) is utilized to obtain a powder distribution, which is then
used to perform a thermo-fluid simulation using FLOW-3D software. The numerical
results indicated that for a constant LED, the keyhole size increases with the increase in
the laser power. The keyhole becomes stable at a higher power, which may reduce the
occurrence of pores during laser scanning. In addition, a back and forth raster scanning is
performed to form three tracks to investigate the effect of scan length on the melt pool
vi

size at different locations along the laser travel direction. Three scan speeds (375 mm/s,
750 mm/s, and 1500 mm/s) are used with laser power of 195 W, and three tracks are
fabricated with 0.5 mm, 1 mm, and 1.5 mm scan lengths. Besides, hatch spacings of 80
µm and 120 µm are used. The fabricated samples are analyzed using white light
interferometer and metallography. Moreover, a powder scale numerical model is
developed to understand the residual heat effect on the melt pool. The results show that
the region where the laser changes the direction is the most affected zone where a
significant increase in the melt pool size is observed. The depth of the melt pool
increased with increasing track number. The delay in the successive laser scan needed to
minimize the residual heat effect is calculated for different process parameters.

vii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ........................................................................................... iv
ABSTRACT .....................................................................................................................v
LIST OF TABLES .........................................................................................................xv
LIST OF FIGURES ...................................................................................................... xvi
CHAPTER 1 INTRODUCTION .........................................................................................1
1.1

Background and Motivation ..................................................................................1

1.2

Research Objective and Scope ..............................................................................3

CHAPTER 2 LITERATURE REVIEW ..............................................................................6
2.1 Thermo-fluid modeling of PB-EBAM process. .........................................................6
2.2 Thermo-fluid modeling of LPBF process. .................................................................9
2.3 LPBF porosity measurement. ...................................................................................12
CHAPTER 3 A BUILD SURFACE STUDY OF POWDER-BED ELECTRON BEAM
ADDITIVE MANUFACTURING BY 3D THERMO-FLUID SIMULATION AND
WHITE-LIGHT INTERFEROMETRY ............................................................................15
3.1. Introduction .............................................................................................................15

viii

3.2 Methodology ............................................................................................................20
3.2.1 3D model configurations ...................................................................................20
3.2.2 Governing equations..........................................................................................21
3.2.3 Tracking of free surface ....................................................................................23
3.2.4 Boundary conditions..........................................................................................23
3.2.5 Volumetric heat source ......................................................................................24
3.2.6 Vacuum approximation .....................................................................................25
3.2.7 Material properties ............................................................................................25
3.3. Experimental analysis .............................................................................................26
3.4. Numerical simulation ..............................................................................................28
3.4.1 Typical simulation result ...................................................................................29
3.5. Results and Discussion ............................................................................................34
3.5.1 Experiment results .............................................................................................34
3.5.2 Simulation results ..............................................................................................37
3.6. Conclusions .............................................................................................................45
CHAPTER 4 THERMO-FLUID MODELING OF SELECTIVE LASER MELTING:
SINGLE-TRACK FORMATION INCORPORATING METALLIC POWDER .............47
4.1 Introduction ..............................................................................................................47
4.2 Numerical Modeling ................................................................................................50
4.2.1 Powder scale model ...........................................................................................50
ix

4.2.2 Governing equations..........................................................................................52
4.2.3 Tracking of free surface ....................................................................................53
4.2.4 Boundary conditions..........................................................................................53
4.2.5 Application of volumetric heat source ..............................................................54
4.2.6 Material Properties ............................................................................................55
4.3 Results and Discussion .............................................................................................56
4.3.1 Single layer simulation ......................................................................................56
4.3.2 Two-layer simulation ........................................................................................62
4.4 Conclusions ..............................................................................................................64
CHAPTER 5 A STUDY OF KEYHOLE POROSITY IN SELECTIVE LASER
MELTING: SINGLE TRACK SCANNING WITH MICRO-CT ANALYSIS ................66
5.1 Introduction ..............................................................................................................66
5.2 Experimental Approach............................................................................................69
5.2.1 SLM specimen design and fabrications.............................................................69
5.2.2 Process parameter design ..................................................................................71
5.2.3 Pore measurement and analysis .........................................................................73
5.3 Results and discussion..............................................................................................75
5.3.1 Typical scanning images ...................................................................................75
5.3.2 Pore characteristics ............................................................................................76
5.3.3 Process effects ...................................................................................................79
x

5.4 Conclusions ..............................................................................................................93
CHAPTER 6 A NUMERICAL STUDY ON THE KEYHOLE FORMATION DURING
LASER POWDER BED FUSION PROCESS ..................................................................95
6.1 Introduction ..............................................................................................................95
6.2 Discrete element method ..........................................................................................98
6.3.1 Simulation domain ..........................................................................................101
6.3.2 Material Properties ..........................................................................................102
6.3.3 Boundary conditions........................................................................................103
6.4 Results and discussion............................................................................................105
6.4.1 Typical simulation result .................................................................................105
6.4.2

Effect of power and speed on keyhole formation........................................114

6.5 Conclusions ............................................................................................................119
CHAPTER 7 A STUDY OF PORE FORMATION DURING SINGLE LAYER AND
MULTIPLE LAYER BUILD BY SELECTIVE LASER MELTING .............................121
7.1 Introduction ............................................................................................................121
7.2 Approach ................................................................................................................124
7.2.1 Design of Experiment ......................................................................................124
7.2.2 Sample Design and Fabrication .......................................................................125
7.3 Results and Discussion ...........................................................................................127
7.3.1 Typical scanning images .................................................................................127

xi

7.3.2 Single layer experiment results .......................................................................128
7.3.3 Multiple layer experiment results ....................................................................130
7.4 Conclusions ............................................................................................................134
CHAPTER 8 AN INVESTIGATION INTO MELTING MODES IN SELECTIVE
LASER MELTING OF INCONEL 625 POWDER: SINGLE TRACK GEOMETRY
AND POROSITY ............................................................................................................136
8.1 Introduction ............................................................................................................136
8.2 Experiment Approach ............................................................................................139
8.3 Numerical Approach ..............................................................................................142
8.4 Results and Discussion ...........................................................................................144
8.4.1 Line energy density effect ...............................................................................144
8.4.2 Effect of power and speed at the same energy density....................................151
8.5 Conclusions ............................................................................................................159
CHAPTER 9 A STUDY OF TRANSIENT AND STEADY-STATE REGIONS FROM
SINGLE-TRACK DEPOSITION IN LASER POWDER BED FUSION .......................161
9.1 Introduction ............................................................................................................161
9.2 Experiment Approach ............................................................................................164
9.3

Numerical Approach .........................................................................................165

9.3.1 Discrete element method .................................................................................165
9.3.2 Powder scale thermo-fluid model....................................................................168

xii

9.4 Results and Discussion ...........................................................................................170
9.4.1 Experimental results ........................................................................................170
9.4.2 Numerical Results ...........................................................................................176
9.5 Conclusion..............................................................................................................185
CHAPTER 10 RESIDUAL HEAT EFFECT ON THE MELT POOL GEOMETRY
DURING THE LASER POWDER BED FUSION PROCESS .......................................187
10.1 Introduction ..........................................................................................................187
10.2 Experimental Approach........................................................................................189
10.3 Numerical Approach ............................................................................................192
10.3.1 Discrete Element Method ..............................................................................192
10.3.2 Thermo-fluid Simulation ...............................................................................194
10.4 Results and Discussion .........................................................................................195
10.4.1 Experimental Results .....................................................................................195
10.4.2 Numerical Results .........................................................................................203
10.5 Conclusions ..........................................................................................................212
CHAPTER 11 BUILD LOCATION EFFECT ON THE SINGLE-TRACK PORE
CHARACTERISTICS FORMED WITH SELECTIVE LASER MELTING PROCESS214
11.1 Introduction ..........................................................................................................214
11.2 Experiment Design and Sample Fabrication ........................................................215
11.3 Results and Discussion .........................................................................................217

xiii

11.4 Conclusions ..........................................................................................................221
CHAPTER 12 CONCLUSIONS AND FUTURE WORK ..............................................223
12.1 Conclusion............................................................................................................223
12.2 Future work ..........................................................................................................227
REFERENCES ................................................................................................................229
APPENDIX A BUILD LOCATION EFFECT ON THE SINGLE-TRACK PORE
CHARACTERISTICS FORMED WITH SELECTIVE LAESR MELTING PROCESS239
CURRICULUM VITAE ..................................................................................................244

xiv

LIST OF TABLES
Table 3.1 Properties of Ti-6Al-4V and process parameters used in model ...................... 26
Table 4.1 Material properties of Ti-6Al-4V ..................................................................... 56
Table 5.1 Process parameters used to investigate energy density (J/mm) effect. ............. 72
Table 5.2 Process parameters used to investigate power and speed effect. ...................... 73
Table 5.3 Location and properties of 9 pores from 195 W and 400 mm/s parameters. .... 78
Table 6.1 Ti-6Al-4V properties for DEM simulation. ...................................................... 99
Table 6.2 Properties of Ti-6Al-4V in a thermo-fluid simulation. ................................... 103
Table 6.3 Power and Speed with LED = 0.4 J/mm......................................................... 115
Table 7.1 Process parameters used in single layer and multilayer design. ..................... 125
Table 8.1 Process parameters used to investigate energy LED (J/mm) effect................ 140
Table 8.2 Process parameters selected from the constant energy density of 0.48 J/mm. 141
Table 8.3 Process parameters selected from the constant energy density of 0.75 J/mm. 141
Table 8.4 Properties of In625 in a thermo-fluid simulation............................................ 144
Table 9.1 . Inconel 625 properties for DEM simulation. ................................................ 167
Table 9.2 Properties of In625 used in a thermo-fluid simulation. .................................. 170
Table 10.1 Experimental design used to fabricate multi-track samples. ........................ 190
Table 10.2 Properties of In625 in a thermo-fluid simulation.......................................... 195

xv

LIST OF FIGURES
Figure 1.1 Schematic drawing of selective laser melting and electron beam melting
system [5]. ........................................................................................................................... 2
Figure 2.1 Gaussian laser heat source used for LPBF simulations. .................................. 10
Figure 3.1 (a) Melting of powder immediately after beam strikes powder layer and (b)
solidification after continuous melting. ............................................................................ 17
Figure 3.2(a) 3D model used for build surface analysis and detailed view for volume
fraction information and (b) raster scanning applied at the top of powder layer .............. 21
Figure 3.3 Temperature dependent density, specific heat and thermal conductivity of Ti6Al-4V [18-20]. ................................................................................................................ 26
Figure 3.4 Contour plot as displayed by white light interferometer ................................. 28
Figure 3.5 Typical 2D profile output from white light interferometer along (a) scanning
direction and (b) transverse direction. .............................................................................. 28
Figure 3.6 (a) Temperature distribution at the end of first scan track, (b) hump formation
after solidification in transverse direction and (c) surface profile along scanning direction.
........................................................................................................................................... 30
Figure 3.7 Temperature profile along (a) scanning direction and (b) transverse direction
........................................................................................................................................... 31
Figure 3.8 Velocity profile within melt pool .................................................................... 31
Figure 3.9 Surface morphology predicted for SF36 case. ................................................ 32

xvi

Figure 3.10 (a) Mixing of powder and solid particles after melting and (b) melt
separation. ......................................................................................................................... 33
Figure 3.11 Surface height profile along (a) scanning direction and (b) transverse
direction. ........................................................................................................................... 34
Figure 3.12 Stereoscopic image and isometric view of surface scanned taken from white
light interferometer for (a) SF20, (b) SF36, (c) SF50 and (d) SF65 cases. ...................... 35
Figure 3.13 Average surface roughness for different SF cases. ....................................... 36
Figure 3.14 Melt pool shapes from free surface for different SF cases ............................ 38
Figure 3.15 Velocity profile in the transverse direction for different SF cases. ............... 39
Figure 3.16 Maximum velocity in vertical direction for different SF cases ..................... 40
Figure 3.17 Surface morphologies of solidified top surface by simulation for (a) SF20,
(b)SF50, (c) SF65, (d)SF65 with H=0.3 mm and (e) SF65 with H= 0.1 mm. ................. 43
Figure 3.18 Surface roughness from simulation results along the transverse direction for
different cases: (a) SF20, (b) SF50, (c) SF65, (d) SF65 with H=0.1 mm and (e) SF65 with
H=0.3 mm ......................................................................................................................... 44
Figure 4.1 Incoming sphere rolling down over the previously deposited sphere. ............ 51
Figure 4.2 Computational domain with powder particles distribution used for simulation
........................................................................................................................................... 52
Figure 4.3 2D representation of topmost free surface identification to apply a volumetric
heat source ........................................................................................................................ 54
Figure 4.4 Temperature dependent material properties of Inconel Ti-6Al-4V [13]. ........ 55
Figure 4.5 Top view of the powder bed showing (a) the melt pool at t= 400 µs and (b)
solidified track at t= 1600 µs along with the temperature distribution (oC) ..................... 57

xvii

Figure 4.6 Melt pool dynamics during melting and solidification.................................... 58
Figure 4.7 Melt pool comparison between different process parameters ......................... 59
Figure 4.8 Surface morphology for four velocity values at a constant power of 195 W .. 60
Figure 4.9 Melt pool width comparison between experiment and simulation .................. 61
Figure 4.10 Solidified single tracks at different scanning speeds. .................................... 61
Figure 4.11 Image slice of the 3D domain at the shallow region for four scanning speed62
Figure 4.12 Second layer powder addition demonstration. .............................................. 63
Figure 4.13 (a) Second layer of powder being defined over first layer and (b) second layer
of powder after fully defined. ........................................................................................... 63
Figure 4.14 (a) Solidified single track after second layer scanning, (b) Transverse and (c)
longitudinal cross section of solidified two layer-single track (v= 1000mm/s)................ 64
Figure 5.1 (a) CAD model of the specimen (unit in mm) and (b) Representation of single
track designed on top of previously deposited semi-cylinder. .......................................... 70
Figure 5.2 (a) Samples after removal from the machine and (b) after support removal... 70
Figure 5.3 (a) Schematic of μCT components and (b) Specimen setup in the CT system 74
Figure 5.4 Selection of region of interest for porosity measurement. .............................. 75
Figure 5.5 (a) Coronal (X-Z), (b) Transaxial (X-Y), (C) Sagittal (Z-Y) cross-sectional
views and (d) 3D partial cut-off view. .............................................................................. 76
Figure 5.6 A 3D pore on right is rendered from the 2D images from the left. ................. 77
Figure 5.7 (a) Pore location definition and (b) detail view of pores formed at the end of
scan track from 195 W 400 mm/s parameters. ................................................................. 78
Figure 5.8 Single track morphology from different energy densities. .............................. 81
Figure 5.9 3D pore view observed at different process parameters. ................................. 83

xviii

Figure 5.10 (a) Pore diameter and (b) pore depth summary from different LEDs. .......... 84
Figure 5.11 Total pore volume corresponding to different energy densities used............ 85
Figure 5.12 Average pore volume at different power and speed. ..................................... 86
Figure 5.13 Single track morphology at different process parameters for LED=0.48 J/mm.
........................................................................................................................................... 88
Figure 5.14 Longitudinal sections from the single tracks with ED=0.48 J/mm. .............. 89
Figure 5.15 Pore diameter and pore depth summary from process parameters of
LED=0.48 J/mm................................................................................................................ 90
Figure 5.16 Pore count and pore volume obtained at different process parameters from
different energy densities (a) 0.32 J/mm, (b) 0.4 J/mm and (c) 0.48 J/mm. ..................... 91
Figure 5.17 Stability of keyhole formation affected the evaporation pressure and the
pressure due to at surface tension at different energy densities [91]. ............................... 93
Figure 6.1 (a) Powder added to the dispenser platform and (b) powder particles settled
over build plate after recoating process. ......................................................................... 100
Figure 6.2 3D computational domain used for single track simulation. ......................... 102
Figure 6.3 Temperature dependent material properties of ti-6al-4v [18]. ...................... 102
Figure 6.4 Powder and substrate melting during laser application. ................................ 106
Figure 6.5 Melt region formed after complete melting and solidification. ..................... 107
Figure 6.6 Melt pool boundary compared with the experiment [103]. ........................... 107
Figure 6.7 Equilibrium points during the formation of vapor column [91]. ................... 109
Figure 6.8 Multiple reflection vectors from the keyhole wall. ....................................... 110
Figure 6.9 (a) Velocity field, keyhole profile and breakage of keyhole to form bubble,
and (b) 2D temperature and velocity field along longitudinal section............................ 111

xix

Figure 6.10 Fluid flow in transverse direction during keyhole melting. ........................ 112
Figure 6.11 Melt pool boundary compared with the experiment for 195w laser power and
400 mm/s scan speed [88]. .............................................................................................. 112
Figure 6.12 Melt region formed after complete melting and solidification. ................... 113
Figure 6.13 2D images of the pores formed at the beginning of the single track and their
3D rendered morphology. ............................................................................................... 113
Figure 6.14 Pore number and volume from a different level of power with LED = 0.4
J/mm [97]. ....................................................................................................................... 114
Figure 6.15 Keyhole shape at different time steps from different parameters, (a) P = 100
W, v = 250 mm/s, (b) P = 200 W, v = 500 mm/s, (c) P = 300 W, v = 750 mm/s and (d) P
= 400 W, v = 1000 mm/s. ............................................................................................... 116
Figure 6.16 Intensity dependence in the relationship between vapor column and recoil
pressure [20].................................................................................................................... 117
Figure 6.17 Temperature distribution when laser has moved 0.7 mm with p = 100 w, v =
250 mm/s and p = 200 w and v = 500 mm/s. .................................................................. 118
Figure 6.18 Longitudinal melt region obtained with different power and speed at same
energy density. ................................................................................................................ 119
Figure 7.1 Single track geometry and hatch spacing definition in single layer scanning.
......................................................................................................................................... 125
Figure 7.2 (a) Sample design dimensions and (b) Single layer and multi-layer samples
fabricated by EOS M270. ............................................................................................... 126
Figure 7.3 (a) single layer and (b) multi-layer design along with the scan strategies. .. 126

xx

Figure 7.4 (a) Coronal (X-Z), (b) Transaxial (X-Y), (c) Sagittal (Z-Y) cross-sectional
views and (d) partial cut-off view of a single layer and multi-layer. .............................. 127
Figure 7.5 Surface morphologies due to different hatch spacing at 125 W power and 1000
mm/s scan speed. ............................................................................................................ 128
Figure 7.6 Pore formed due to different hatch spacing at 125 W power and 1000 mm/s
scan speed. ...................................................................................................................... 128
Figure 7.7 Pore number formed within single layer with different laser parameters ..... 130
Figure 7.8 Surface morphologies due to different hatch spacing at 125 W power and 1000
mm/s scan speed. ............................................................................................................ 131
Figure 7.9 Pores formed due to hatch spacing of 122 µm and 152 µm at 125 W and 1000
mm/s................................................................................................................................ 131
Figure 7.10 Number of pores formed at different levels of hatch spacing. .................... 133
Figure 7.11 Average pore diameter formed with 150 W at different scan speed and hatch
spacings. .......................................................................................................................... 134
Figure 8.1 (a) CAD model of the specimen (unit in mm) and (b) Arrangement of the
single tracks on top of the semi-cylinder base. ............................................................... 139
Figure 8.2 (a) Cylinder samples fabricated on the build plate, and (b) Bruker 1173 microCT scanner setup. ............................................................................................................ 142
Figure 8.3 Simulation domain used to perform a 250 μm long single-track simulation. 143
Figure 8.4 Temperature dependent material properties of Inconel 625[25]. .................. 144
Figure 8.5 (a) CT scanned cylinder after reconstruction, (b) Transverse cross section, and
(c) Modification of the transfer function to remove the powder particles and observe the
single tracks. ................................................................................................................... 145

xxi

Figure 8.6 Pore formed with 0.98 J/mm (195 W and 200 mm/s). .................................. 146
Figure 8.7 Pore volume and pore number from different LEDs. .................................... 147
Figure 8.8 Average pore diameter and depth .................................................................. 148
Figure 8.9 Transverse melt profile from different LEDs. ............................................... 149
Figure 8.10 Track width and depth measured from the transverse profile of different
LEDs. .............................................................................................................................. 150
Figure 8.11 Pore volume and pore number from different power and speed when (a) LED
= 0.48 J/mm and (b) LED = 0.75 J/mm. ......................................................................... 152
Figure 8.12 Transverse melt profile obtained from LED=0.48 J/mm single tracks. ...... 153
Figure 8.13 The effect of normalized enthalpy on the non-dimensional depth and depth to
width ratio. ...................................................................................................................... 155
Figure 8.14 Longitudinal melt profile obtained from LED=0.48 J/mm and 0.75 J/mm
single tracks. ................................................................................................................... 156
Figure 8.15 Temperature profile and the melt pool shape when laser has travelled 100
µm, 150 µm, 200 µm and 250 µm (LED =0.48 J/mm). ................................................. 158
Figure 8.16 Figure 16. Depth to half width ratio comparison between simulation and
experiment with LED = 0.48 J/mm................................................................................. 158
Figure 9.1 Single tracks fabricated on top of the semi-cylinder base. ............................ 165
Figure 9.2 Design and dimensions of the miniature flowmeter and the setup used to
obtain the angle of repose. .............................................................................................. 167
Figure 9.3 (a) Experiment and of repose used to calibrate cohesion energy density in (b)
DEM simulation. ............................................................................................................. 167
Figure 9.4 DEM setup to spread a layer of powder. ....................................................... 168

xxii

Figure 9.5 Simulation domain used for 195 W and 800 mm/s. ...................................... 169
Figure 9.6 Temperature dependent material properties of Inconel 625[18]. .................. 169
Figure 9.7 (a) Surface profile, and (b) longitudinal and transverse 2D profile of 1 mm
single track formed with 195 W and 800 mm/s. ............................................................. 171
Figure 9.8 2 mm single track surface profile and longitudinal 2D profile formed with 195
W and 800 mm/s showing three zones. .......................................................................... 172
Figure 9.9 (a) Surface profile, and (b) longitudinal and transverse 2D profile of 1 mm
single track formed with 195 W and 400 mm/s. ............................................................. 173
Figure 9.10 2 mm single track surface profile formed with 195 W and 400 mm/s showing
three zones. ..................................................................................................................... 174
Figure 9.11 Longitudinal melt profile obtained with 195 W and 800 mm/s. ................. 175
Figure 9.12 Longitudinal melt profile obtained with 195 W and 400 mm/s. ................. 176
Figure 9.13 Melt flow during the single-track scanning process. ................................... 178
Figure 9.14 (a) Top view of the melt profile formed with 195 W and 800 mm/s and (b)
Track profile compared at the free surface between experimental and simulation. ....... 179
Figure 9.15 Top melt profile obtained for 2 mm simulation with 195 W and 800 mm/s.
......................................................................................................................................... 180
Figure 9.16 Development of melt pool: 2D temperature contours obtained at the interface
between substrate and powder. ....................................................................................... 181
Figure 9.17 Transverse melt profile obtained for experiment and simulation with 195 W
and 800 mm/s. ................................................................................................................. 182
Figure 9.18 Track profile compared at the free surface between experimental and
simulation single track formed with 195 W and 400 mm/s. ........................................... 183

xxiii

Figure 9.19 Development of melt pool: 2D temperature contours obtained at the interface
between substrate and powder for 195 W and 400 mm/s. .............................................. 184
Figure 9.20 (a) Top view of the 2 mm single track formed with 195 W and 400 mm/s, and
(b) Transverse melt pool obtained from the experiment and simulation. ....................... 185
Figure 10.1 Schematic of the constant energy input in the scan lines during raster
scanning. ......................................................................................................................... 190
Figure 10.2 (a) Single layer designed on top of the semi-cylindrical base, and (b) Single
layer samples fabricated using EOS M270. .................................................................... 191
Figure 10.3 The working of the powder spreading process during LPBF process. ........ 193
Figure 10.4 Consideration of actual powder height for first layer and second layer DEM
simulation........................................................................................................................ 193
Figure 10.5 . Simulation domain used for 0.5 mm scan length simulation. ................... 194
Figure 10.6 Temperature dependent material properties of Inconel 625 [19]. ............... 195
Figure 10.7 (a)Multi-tracks, and (b) Multi-layers formed with 120 μm hatch spacing. . 197
Figure 10.8 Multi-track profiles formed with 195 W, 750 mm/s and 120 μm at different
scan lengths. .................................................................................................................... 198
Figure 10.9 Surface morphology obtained with multi-track and multi-layer formed with
195 W, 750 mm/s and 120 μm. ....................................................................................... 199
Figure 10.10 (a) Location of the three sections, and transverse melt pool boundary from
(b) slice 1, (c) slice 2, and (d) slice 3 of 0.5 mm scan length formed with 195 W laser
power, 120 μm hatch spacing and scanning speeds of 1500 mm/s (left), 750 mm/s
(middle), an ..................................................................................................................... 200

xxiv

Figure 10.11 Transverse melt pool boundary of 1.0 mm scan length from (a) slice 1, (b)
slice 2, and (c) slice 3 formed with 195 W laser power, 120 μm hatch spacing and
scanning speeds of 1500 mm/s (left), 750 mm/s (center), and 375 mm/s (right). .......... 202
Figure 10.12 Micrographs of two-layers formed with 195 W laser power, 120 μm hatch
spacing, (a) 1500 mm/s (b) 750 mm/s, and (c) 375 mm/s. ............................................. 203
Figure 10.13 Temperature contour of the multi-track formed with 195 W laser power,
750 mm/s scan speed, 120 μm hatch spacing, and different scan lengths. ..................... 204
Figure 10.14 Temperature contour to observe the melt pool at different locations. ....... 206
Figure 10.15 Melt profile formed at different region along the scan direction. ............. 207
Figure 10.16 Evolution of melt pool and vapor depression with 195 W laser power, 750
mm/s scan speed, 80 μm hatch spacing, and scan lengths of (a) 0.5 mm and (b) 1.0 mm.
......................................................................................................................................... 209
Figure 10.17 Variation in the actual powder layer thickness due to the variation in the
surface height of the substrate layer................................................................................ 210
Figure 10.18 Second layer melt pool boundary obtained with 195 W laser power, 750
mm/s scan speed, 80 μm hatch spacing and 0.5 mm scan length. .................................. 211
Figure 10.19 Second layer melt pool boundary obtained with 195 W laser power, 1500
mm/s scan speed, 120 μm hatch spacing and 0.5 mm scan length. ................................ 212
Figure 11.1 (a) CAD model of the specimen (unit in mm), (b) Single tracks designed on
top of previously deposited semi-cylinder, (c) Spatial distribution of the samples, and (d)
Samples fabricated at different locations and different build heights............................. 217
Figure 11.2 2D slices of 200 mm/s formed at different locations (build height=106.56
mm). ................................................................................................................................ 218

xxv

Figure 11.3 Characteristics of pores formed with 195 W, 200 mm/s and 195 W, 400 mm/s
(a), (b) pore number and volume, (c), (d) Average pore diameter, and (e), (f) average pore
depth. ............................................................................................................................... 220
Figure 11.4 2D porosity comparison between micro-CT and micrograph. .................... 221

xxvi

CHAPTER 1 INTRODUCTION

1.1 Background and Motivation
American

society

of

testing

and

materials

(ASTM)

defines

additive

manufacturing (AM) as “a process of joining materials to make objects from 3D model
data, usually layer upon layer, as opposed to subtractive manufacturing methodologies.”
[1]. There exist different AM technologies such as stereolithography (SLA), fused
deposition modeling (FDM), inkjet printing (IJP), three-dimensional printing (3D-P),
selective laser sintering (SLS), etc. [2]. Within the metal-based AM processes, laserbased additive manufacturing (LBAM) is a promising manufacturing technology that can
be used for solid freeform fabrication [3]. Laser powder bed fusion (LPBF) process, also
known as selective laser melting (SLM), is a layer by layer fabrication process which
utilizes a laser to melt the powder particles in an inert atmosphere. Similarly, powder bed
electron beam additive fabrication (PB-EBAF) is another powder bed AM technology
that uses an electron beam instead of laser to melt the powder particles. Due to the use of
an electron beam source, the melting must be carried out under vacuum. There are several
differences between these two processes regarding the powder size used, penetration
depth, etc. [4]. The schematics of these two processes are shown in Figure 1.1.
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Figure 1.1 Schematic drawing of selective laser melting and electron beam melting
system [5].

The quality of the single tracks during the PB-AM process mostly depends on
laser parameters such as laser power, laser spot size, scan speed, and layer thickness.
Besides, other variables such as hatch spacing, area of the island, ambient pressure, etc.
also affect the quality during the part fabrication. These different parameters contribute
differently, with some parameters affecting more than others. Porosity is one of the
inherent process defects, which degrades the part mechanical performance, and therefore
should be investigated. It is desired to reduce the part porosity, but the behavior of
porosity formation should be understood to make the optimization process more efficient.
Various studies have focused on the collective effect of power, scan speed, hatch spacing
on the porosity level [5-7], but the individual effect of process parameters has not been
investigated. The individual and collective effect of process parameters towards the
porosity level would help minimize the porosity in a better way. However, it is difficult
to understand the porosity formation mechanism by experiment alone. A high-fidelity
model capable of predicting different melting modes such as partial melting, conduction
2

melting, and keyhole melting needs to be developed to understand how the porosity
forms and develops during the LPBF process.

1.2 Research Objective and Scope
Powder bed AM processes such as PB-EBAM and LPBF processes have shown
its capability in freeform fabrication. The computational and experimental works have
been performed to understand the process effect on the part quality and optimize the
parameters to obtain the full density parts. Despite the intensive studies, there are still
some areas that need to be understood and explored.
In this study, the effect of process parameters on the quality of surface and level
of porosity is investigated. The AM machines are used to fabricate the samples using user
parameters. A white light interferometer is used to measure the surface roughness, and a
micro-CT scanner is used to characterize the pores. Besides, the numerical model is
developed to understand the underlying physics that leads to surface roughness and
porosity.
Chapter 3 focuses on the surface roughness of the PB-EBAM process. The
surface morphology of the part formed with different process parameters are analyzed
using a white light interferometer, and a numerical model is developed to predict the
formation of the build surface.
A powder-scale thermo-fluid model is developed in Chapter 4 to understand the
single-track formation during the LPBF process. Besides, the sequential powder addition
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algorithm is used to perform a multi-layer simulation and investigate the formation of a
lack of fusion porosity.
Chapter 5 focuses on the characterization of the keyhole pores formed at different
linear energy densities with Ti-6Al-4V powder. A micro-CT scanner is used to
characterize and measure the pores formed inside the 12 mm single tracks formed with
different laser power and scan speeds.
A high-fidelity powder scale numerical model is developed in Chapter 6, which is
validated against the experiment. The model is utilized to understand the physics behind
the keyhole pore formation. The interaction between the surface tension and recoil
pressure in the keyhole wall is explored.
Chapter 7 investigates the keyhole pores and the lack of fusion pores formed
during the multi-layer build. The optimum parameters obtained from a single-track study
are used to observe the effect of hatch spacing on the porosity.
Chapter 8 explores the relationship between the linear energy density and melting
mode during single-track fabrication. The LPBF process is used to fabricate the Inconel
625 single-track samples and establish the relationship between linear energy density and
melt pool depth.
Chapter 9 discusses the formation of transient and steady regions during the
single-track scanning in the LPBF process. The heat and mass transfer leading to the
formation of a transient zone at the beginning and end of the single track is illustrated.
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Chapter 10 focuses on the residual heat effect on the melt pool characteristics.
The effect of scan length and hatch spacing on the residual heat is studied.
Chapter 11 investigates the effect of build location on the keyhole porosity. The
variability of the pores formed inside the single tracks at a horizontal plane and vertical
plane is analyzed.
Chapter 12 discusses conclusions from this work and summarizes the future
works.
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CHAPTER 2 LITERATURE REVIEW

The objective of this research is to develop a high-fidelity thermo-fluid model to
predict the fluid flow and track formation during the powder bed-electron beam additive
manufacturing (PB-EBAM) process and laser powder bed fusion (LPBF) process.
Besides, this study aims to characterize pores and investigate the pore formation
mechanisms in the LPBF process through experiments and simulations. This chapter
provides the literature review on thermo-fluid modeling of metal AM processes, porosity
measurement techniques, and pore characterization.
2.1 Thermo-fluid modeling of PB-EBAM process.
PB-EBAM is an additive manufacturing process that utilizes an electron beam to
melt the powder particles in a vacuum environment. The process includes several
complex physical phenomena such as heat transfer and melting, Marangoni effect, etc.
which make it intricate to model. Qi et al. [8] utilized finite element analysis to
investigate the heat transfer characteristics with different scanning strategies. The melting
temperature was used as the criteria to check the presence of defects, as the number of
elements that had not reached the melting temperature was defined as defects. Zah and
Lutzmann [9] developed a transient 3D numerical model incorporating volumetric heat
source to understand the process parameter effect on melt pool size during the PB-EBAM
process. Fifteen simulation runs were carried out with different laser parameters (power
6

and scan speed) to predict the melt pool length to width (L/W) ratio. Based on the L/W
ratio, laser parameters were selected for experimental evaluation. The authors
emphasized the importance of considering fluid flow in the molten phase. Shen and Chou
[10] studied the effects of porosity on the melt pool size in the PB-EBAM process by
developing a numerical model in ABAQUS. The simulation results indicated that the
increase in porosity led to a higher temperature and a deeper melt pool. In addition, the
authors also explored the effect of bean diameter towards melt pool size. The larger beam
diameter would reduce the maximum temperature leading to a lower cooling rate. Cheng
et al. [11] developed a finite element model to predict the temperature distribution and
melt pool size during the PB-EBAM process. The process parameter effect on the melt
pool size was investigated both numerically and through experiments. For the
experimental melt pool measurement, an infrared camera was used to obtain the apparent
temperature during the PB-EBAM process [12], and the liquidus-solidus transition region
was utilized to obtain the melt pool size. In the numerical model, the volumetric heat
source was applied to simulate the heat transfer, and resultant melt pool sizes were
measured and compared with the experiment. The temperature profile and melt pool size
agreed well with the experiment. Galati et al. [13] used the Monte Carlo method to study
the impact of an electron beam on the preheated powder bed. The simulation results
showed that the electron energy rapidly decreases as a function of depth, and the
penetration depth is negligible compared to the typical powder particle size. Furthermore,
the laser spread of the beam would result in a greater effective diameter than the nominal
focal diameter. Based on the findings, a new heat source was used to predict the thermal
response and temperature distribution measured by Zah and Lutzmann [9] was used for
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the evaluation purpose. Besides, Jamshidinia et al. [14] developed a thermo-fluid model
with a flat surface to understand the effect of surface tension gradient on the fluid flow
during the PB-EBAM process. It was observed that the negative surface tension gradient
of metal would result in an outward flow, which affected the melt pool size.
Flat surface simulations can predict the melt pool size, however, the flow
behavior within the melt pool would require free surface modeling where the surface
deforms due to melt flow. In this regard, Korner et al. [15] developed a 2D lattice
Boltzmann model to study the single track formation during the PB-EBAM process, and
the model helped explain physical mechanisms such as wetting, balling formation, etc.
Scharowsky et al.[16] presented the vigorous moving melt pool and explained that the
movement was caused by the surface tension force, which attracted the melt pool to
already solidified areas.

However, the 2D model would not provide complete

information on the flow behavior during the melting process. Hence, Ammer et al. [17]
introduced a 3D thermal lattice Boltzmann method, which utilized the volume of fluid
(VOF) model to simulate the free surface formation during electron beam melting of
powder particles. Yan et al. [18] used a discrete element method to simulate the powder
bed distribution and utilized the powder characteristics in a thermo-fluid model to
investigate flow behavior during single track formation. The key factors leading to the
balling effect were found to be input energy and the layer thickness.
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2.2 Thermo-fluid modeling of LPBF process.
The LPBF process is a metal powder-based additive manufacturing (AM) process.
During part fabrication, a laser source is applied to melt the distributed powder particles.
As the powder particles are irradiated by the laser, metallic powders absorb the energy,
which increases the powder temperature. When the temperature increases beyond the
melting point, powder particles as well as substrate beneath start to melt, and melt flow
occurs, which is primarily governed by the Marangoni effect. In addition, high energy
input would further increase the melt pool temperature beyond the evaporation
temperature and inducing the recoil pressure. This led to the formation of depression
within the melt pool. The process has not been fully understood and numerical simulation
is a good tool to understand the underlying physics. However, the process itself is
complicated, and increasing the fidelity of simulation models would incur a high
computational cost.
As the material melting occurs due to the absorption of laser, accurate modeling
of the laser heat source is very important to predict the melt pool size correctly. Most
studied have used the Gaussian heat source model presented in Figure 2.1[19]. Li and Gu
[20] used a finite element method to simulate the temperature field during LPBF of
AlSi10Mg powder. The results indicated that the cooling rate of the melt pool increased
slightly as the power increased from 150 W to 300 W.

9

Figure 2.1 Gaussian laser heat source used for LPBF simulations.

Also, the residual heat from the first layer increased the maximum temperature,
melt pool length, depth, and width during second layer scanning. Foroozmehr et al. [21]
adopted the optical penetration depth of the laser beam while developing the FEM model.
The model was used to predict melt pool dimensions of a single layer during LPBF of
stainless steel 316L. Multiple track simulation showed that the melt pool dimensions
reached a steady state after the third track although the melt pool size varied from the
beginning of a track to its end and from the first track to the next. FEM models can
predict the temperature and melt pool size. However, the LPBF process includes powder
and surface deformation during the melting and solidification process. Dai and Gu [22]
therefore utilized finite volume method with volume of fluid (VOF) technique to predict
the surface deformation due to laser-material interaction. The simulation was able to
predict surface pore formation as well as material stacking at different laser energy input
per unit length (LEPUL).
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Furthermore, it is important to model the powder particles to predict melt pool
and track formation. Xia et al. [23] developed a powder scale model to study the effect of
hatch spacing on the surface quality of Inconel-718 parts fabricated by the LPBF process.
Although the powder did not represent actual powder bed distribution, the model was
able to show the effect of different hatch spacing on the material flow behavior.
Khairallah and Anderson [24] developed a mesoscopic simulation model to predict the
melt pool formation during the SLM process and the importance of including the
stochastic nature of the powder bed has been discussed. Although the model was
simplified by assuming constant surface tension of the molten metal, the simulated melt
pool height and width were close to the experimental result. However, the track depth is
underpredicted in the simulation as the Marangoni effect and recoil pressure have been
neglected. Lee and Zhang [25] developed a high-fidelity model by including physics such
as the Marangoni effect and recoil pressure, which are important to correctly predict the
melt flow during the SLM process. The recoil pressure due to evaporation causes
significant depression which enables the model to accurately predict melt pool depth as
well. Besides, the transverse cross-section profile of the molten pool was found to be
relatively symmetric about the center of the laser. Similarly, Wu et al. [26] demonstrated
that the recoil pressure triggered keyhole formation significantly affects the flow
behavior which in turn affects the track morphology. Melt pool predicted by recoil
pressure is deeper and narrower compared to the identical model without the recoil
pressure. A similar Multiphysics model has been applied to compare the melt pool
formation between two different materials: steel and molybdenum [27]. The melt pool
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size predicted for molybdenum is much smaller than steel due to its higher thermal
conductivity.
Besides finite element and finite volume techniques, a meshfree smoothed particle
hydrodynamics (SPH) method has been used to understand the temperature distribution
and flow behavior during laser scanning. Russel et al. [28] developed a 2D SPH model to
study the effect of laser power on the surface roughness. It was observed that higher
power leads to greater surface roughness and material sputtering. Similarly, Weirather et
al. [29] developed a 3D multiphase model using a weakly compressible SPH approach
and incorporated physical effects such as viscous force, surface tension, thermo-capillary
forces, melting and solidification, etc.

2.3 LPBF porosity measurement.
Pores formed during the process may be characterized as keyhole pores and
metallurgical pores [30]. These pores, if present within the SLM parts, would degrade its
part performances[31-33], and therefore part optimization by porosity reduction is
desired. Leuders et al. [33] explained that pores within SLM samples have a drastic effect
on the fatigue behavior and significant extension of the crack initiation phase can be
achieved by reducing the porosity. In addition, the pore location and pore size are also
critical to the stress concentration, and pores near the surface are more critical even if
they are small in size [34].
Pore formation during the SLM process is affected by the energy input, which is
collectively defined by the energy density and is a function of laser power, scan speed,
12

hatch spacing, and layer thickness. Gong et al. [35] investigated part quality based on
different energy densities and demonstrated that process window in SLM of Ti-6Al-4V
might be divided into three groups: insufficient melting, conduction melting, and keyhole
melting. When the energy density is very high, the temperature within the melt pool
exceeds the boiling point leading to material evaporation. The material evaporation
would generate a recoil pressure, and huge depressions would form within the melt pool
known as a keyhole. Such melting is known as keyhole-mode melting. As the energy
density reduces, keyhole formation is not observed, and the mode of melting is called
conduction melting [36]. The partial melting occurs with a further reduction of energy
density, which leads to balling behavior and discontinuity in the track formation.
A few investigations towards part porosity developed during the SLM process has
been carried out. Ponnusamy et al. [6] performed a statistical analysis to investigate the
effect of various process parameters such as laser power, layer thickness, etc. towards
porosity. Besides, various studies have been conducted to characterize porosity using Xray tomography methods. Slotwinski et al. [7] utilized X-ray computed tomography
(XRCT) to measure porosity on additively manufactured cobalt-chrome (Co-Cr) samples.
It has been shown that the XRCT technique can help determine the pore distribution
within the sample as well as pore morphology. However, the accuracy of the
representation would depend on the resolution of the system. Similarly, Zhou et al. [37]
used Synchrotron radiation micro-CT to observe the defects formed within SLM parts. It
was concluded that such an imaging technique is a feasible method to accurately obtain
3D images of SLM defects. Furthermore, Ziółkowski et al. [38] explained the advantage
of nondestructive XRCT over traditional metallographic cross-sectional analysis.
13

Siddique et al. [34] used a voxel resolution of 4.8 μm to scan the SLM specimen. In
addition, a two-dimensional metallographic study was also performed to calculate the
porosity and it was found that porosity calculated by metallographic study and threedimensional tomography had no significant difference considering the critical pores. Kim
et al. [39] used X-ray microtomography to study the track changes in the morphology of
SLM Ti porous structures at a different stage of post-laser melting production. It has been
demonstrated that µCT can be used not only for 3D quantification but also as a feedback
mechanism to make improvements on initial designs. Van Bael et al. [40] used XRCT as
a feedback mechanism to improve the geometrical and mechanical controllability of
selective laser melted Ti-6Al-4V porous structures. The mismatch between designed and
measured properties such as pore size, strut thickness and volume, porosity from the first
run were integrated into the second run which helped minimize the mismatch.
Kasperovich et al. [5] presented the correlation between process parameters and porosity
formation during SLM fabrication of Ti6Al4V parts. The porosity volume fraction can be
reduced by the optimization of process parameters since two types of void defects are
observed at excessive or insufficient energy densities. With excessive energy input,
circular/spherical pores are formed whereas insufficient energy density resulted in
elongated, narrow crack-like voids.
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CHAPTER 3 A BUILD SURFACE STUDY OF POWDER-BED ELECTRON BEAM
ADDITIVE MANUFACTURING BY 3D THERMO-FLUID SIMULATION AND
WHITE-LIGHT INTERFEROMETRY
3.1. Introduction
Additive manufacturing (AM) is a relatively novel process in which parts are built
in a layer by layer fashion. Powder Bed Electron Beam Additive Manufacturing (PBEBAM) is a powder bed AM process that uses electron beam to selective melt the
powder. Firstly, the metal powder is spread over the bed inside vacuum chamber which is
then followed by preheating, contour melting and hatch melting. This process is
continued until final desired part is built. Due to its capability, PB-EBAM has been
utilized to produce complex components which are rather difficult, if not impossible to
make by conventional manufacturing processes while maintaining full density. In
addition, the ability of PB-EBAM process to directly fabricate metallic parts can
significantly accelerate the product design and development.
Among other parameters, temperature is a very important process response of a
PB-EBAM technology. Several numerical studies have been carried out to predict the
thermal response and flow behavior of melt pool during the PB-EBAM process. Mahale
[41] developed a 3D PB-EBAM model with temperature dependent Al 7075
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material properties and applied a point heat source using finite element method. A
reliable estimate of temperature was obtained as a result. However, the point source may
not be an actual representation of the heat source in PB-EBAM process. Therefore, Zӓh
and Lutzmann [9] developed a PB-EBAM 3D model incorporating volumetric heat
source. Different combination of beam power and scanning speed were used to study
their effect in resultant melt pool characteristics. During the modelling process, it is
desired to have temperature dependent material properties. But, the thermal conductivity
of liquid Ti-6Al-4V, which is the most popular material in PB-EBAM process, is not
easily available over various temperature ranges. Therefore, effective estimate of thermal
conductivity, which would include the effect of convection heat transfer in the pure
thermal model, may be a possible approach to include the convection heat transfer in a
pure thermal model [42]. Cheng et al. [11] developed a 3D thermal model using effective
thermal conductivity to investigate the process temperature resulting from different scan
speed, beam diameter and beam current. The simulation results: temperature, melt pool
length and width were in good agreement with the experiment. In addition, Jamshidinia et
al. [14] numerically studied the process temperature and fluid flow by developing a 3D
thermal and thermo-fluid models. It is observed that the negative surface tension gradient
of Ti-6Al-4V material resulted in outward flows which affected the temperature
distribution and melt pool size. The thermo-fluid model would result in wider and
shallower melt pool due to upward and outward fluid flow. This phenomenon of fluid
flow at the interface due to surface tension gradient is known as Marangoni effect. The
outward flow induced by Marangoni effect after melting and the formation of surface
have been presented in Figure 3.1.
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Figure 3.1 (a) Melting of powder immediately after beam strikes powder layer and (b)
solidification after continuous melting.

Besides temperature gradient and mechanical properties, surface roughness is one
of the issues related with PB-EBAM parts. The experimental studies suggest that fatigue
life of parts fabricated by PB-EBAM process may depend on the quality of surface finish
which in turn is the function of powder particle size, scan speed, layer thickness etc. [43].
Therefore, proper selection of process parameters will help improve the mechanical
property along with decreasing the surface roughness. Various experimental studies have
been conducted to understand the surface morphologies and roughness values for PBEBAM process at different process parameters. Kioke et al. [44] have presented the
enlarged view of PB-EBAM specimen which shows the rippled appearance in the
exterior. Although undesirable in most cases, these kinds of rippled surfaces may be
helpful in some biomedical application where irregular surface is desired [45]. Rafi et al.
[4] studied the surface formed by Selective Laser Melting (SLM) and PB-EBAM process.
His results indicated that the “stairstep effect” is dominant in PB-EBAM process
compared to SLM process due to formation of thicker layers. Safdar et al. [46] performed
an in depth study of the effects of process parameter setting on the surface roughness of
Ti-6Al-4V parts produced by PB-EBAM process. Based on the results, they concluded
that all parts built by PB-EBAM process will have certain degree of roughness (Ra)
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which ranges from 1-20 µm depending on the process parameter setting. In addition, the
image taken from Scanning Electron Microscope (SEM) shows the formation of valleys
parallel to the melt plate. Guo et al. [47] experimentally studied the effect of beam
current on the material deposition during PB-EBAM process. They have shown that the
lower beam current which is 4 mA result in porous surface with internal cavities whereas
higher beam current of 12 mA result in dense and wavy surface. Strano et al. [48]
presented the possibility of predicting the real surface roughness of SLM parts through
mathematical model. The developed model to predict the roughness accounted for the
presence of particles at the top surface and the stair step effect which makes it more
appropriate compared to classic models. The results indicated that roughness predicted by
mathematical model has good agreement with the experimentally observed roughness.
As the surface roughness depends on process parameter setting, experimental
study of PB-EBAM process alone may not be sufficient enough to understand the physics
associated with the surface formation during the process. Numerical simulation may be
an alternative way to study the melt pool dynamics and formation of the top surface.
However, there are always some challenges associated with modeling such complex
phenomenon. Therefore, very limited numerical studies have been reported which shows
the possibility to predict the surface morphology of AM process. Dai and Gu [22] have
developed a 3D numerical model using finite volume approach to predict the surface
morphology in SLM process. They have applied volume of fluid (VOF) model to predict
the free surface formation due to thermo-capillary effect and pressure boundary condition
at the interface. Although it is difficult to match surface formation to that of experiment,
the numerical model was able to predict the formation of pores and material stacking at
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different laser energy input per unit length (LEPUL). Xia et al. [23] developed a powder
scaled model using finite volume method to investigate the effect of hatch spacing (H) on
solidified surface quality of Inconel-718 parts fabricated by SLM process. Based on the
experiment and simulation, it has been concluded that the lower hatch spacing of 40 µm
would result in migration of molten liquid towards the previous deposited material
resulting in a stacking of molten liquid. The surface was flatter when hatch spacing of 60
µm was used. In the similar manner, this study focuses to predict the surface formation
and roughness of PB-EBAM parts obtained with different process parameters.
Continuum models treat powder particles as a continuous medium; however, they are
discrete and randomly distributed. In this regard, Lattice Boltzmann Method (LBM) is
used to model the powder particles. Some advances has been made to model SLM
process using LBM models [15, 49]. LBM method can incorporate features such as
stochastic effect of randomly packed powder, capillary effect etc. which are not modelled
in continuum approach. Besides in SLM process, LBM method has been applied to PBEBAM process as well. Bauereiß et al. [50] developed a mesoscopic model based on
LBM to study the melting of powder particles and solidification.
In this study a 3D VOF model is developed to understand the surface formation
and the resultant surface roughness in PB-EBAM process. A volumetric Gaussian heat
distribution is applied to the powder and solid substrate by tracking the interface between
the powder and the vacuum domain. A moving heat source with raster scanning pattern is
applied at the free powder surface. Temperature dependent materials properties like
density, thermal conductivity and specific heat capacity are incorporated as piecewise
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linear function in FLUENT while temperature dependent surface tension was applied
through User Defined Function (UDF).
3.2 Methodology
3.2.1 3D model configurations
A 3D model with domain size 8 mm × 4 mm × 2 mm is developed as shown in
figure 3.2(a). The domain is further sub-divided into Ti-6Al-4V zone and vacuum zone:
lower 1 mm in z-direction represents the Ti-6Al-4V zone and upper 1 mm represents the
vacuum. Moreover, to represent the actual PB-EBAM process, 0.07 mm of powder layer
acts as the newly spread powder over the previously deposited solid substrate whose
depth is 0.93 mm. The blue zone in Figure 3.2(a) represents the vacuum which has
volume fraction 0 whereas the red zone with volume fraction 2 represent the solid Ti6Al-4V domain. The volume fraction of powder is 1 and the interface between vacuum
and Ti-6Al-4V powder hold volume fraction value between 0 and 1 which is considered
as the free surface. Continuum approach with VOF model to predict surface formation
has been applied for SLM process which simulated only powder phase applying surface
heat source [22]. However, the use of three phases with volumetric heat source makes
the solution more appropriate to the experiment. To simplify the problem, the flow within
melt pool is assumed to be laminar and incompressible.
A hexahedral mesh is defined over all domains which is preferred for VOF model.
In order to minimize the error occurring due to continuum approximation, very small
mesh size of 30µm × 30 µm ×14 µm is defined in the powder layer and the interface so as
to accurately track the deformed surface which has been presented in Figure 3.2(b). The
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size of the mesh increases farther away from the interaction region and the scan area as
shown in figure 3.2(b) so as to reduce the number of elements and calculation time.

Figure 3.2(a) 3D model used for build surface analysis and detailed view for volume
fraction information and (b) raster scanning applied at the top of powder layer

3.2.2 Governing equations
The basic three conservation equations: mass, momentum and energy are
summarized below:
Mass conservation equation:
𝜕𝜌
𝜕𝑡

+

𝜕(𝜌𝑢𝑖 )
𝜕𝑥𝑖

=0
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(3.1)

where 𝜌 is the density, t is time and 𝑥𝑖 and 𝑢𝑖 are the distance and velocity in Cartesian
co-ordinate system respectively.
Momentum Conservation Equation:
𝜕(𝜌𝑢𝑗 )
𝜕𝑡

+

𝜕(𝜌𝑢𝑖 𝑢𝑗 )
𝜕𝑥𝑖

𝜕𝑢

𝜕

= 𝜕𝑥 (µ 𝜕𝑥𝑗 ) + 𝑆𝑗
𝑖

(3.2)

𝑖

Where 𝑢𝑗 is the velocity in Cartesian direction, µ is the viscosity and 𝑆𝑗 is the source term
in the momentum equation.
Energy Conservation equation:
𝜕(𝜌𝐻)
𝜕𝑡

+

𝜕(𝜌𝑢𝑖 𝐻)
𝜕𝑥𝑖

𝜕
𝜕𝑇
= 𝜕𝑥 (𝑘 𝜕𝑥 ) + 𝑄̇ (𝑥, 𝑦, 𝑧)
𝑖

(3.3)

𝑖

where H is the enthalpy, k is the thermal conductivity and 𝑄̇(𝑥,𝑦,𝑧) represents the
electron beam heat source and its volumetric Gaussian distribution is defined as:

𝑄̇(𝑥,𝑦,𝑧) = 𝜂 × 𝐻𝑠𝑆×𝐼𝑧

(3.4)

with
𝑧 2

1

𝑧

(3.5)

𝐼𝑧 = 0.75 (−2.25 (𝑆) + 1.5 (𝑆) + 0.75),
2𝑊

𝐻𝑠 = 𝜋𝑑2 exp {−

2[(𝑥−𝑥𝑠 )2 +(𝑦−𝑦𝑠 )2 ]
𝑑2

}.

(3.6)

in which the parameters include electron beam absorption efficiency coefficient:
η, power: W, optical penetration depth: s, electron beam spot diameter: d, xS and yS: heat
source center position. Hs and Iz are horizontal Gaussian distribution heat source and heat
source magnitude decaying function in vertical direction, respectively. A user defined
function (UDF) was developed to define the moving heat source which models equation
3.4 through 3.6. The source term was added to the energy equation to solve for the
temperature.
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3.2.3 Tracking of free surface
In this study, VOF model is used to track the free surface. The VOF function is
defined to indicate the topology of metal flow. The VOF equation is given as
𝜕𝐹
𝜕𝑡

+ 𝑣⃗. 𝛻𝐹 = 0

(3.7)

where, F represents the volume fraction and 𝑣⃗ represents the velocity vector. In
this model, three phases have been used, vacuum, Ti-6Al-4V powder and solid Ti-6Al4V. A free surface is the interface between powder and vacuum has the volume fraction
between 0 and 1. During the scanning, due to continuous surface deformation, more than
one cell in the interface within same cell column may have volume fraction between 0
and 1. Therefore, it is necessary to identify the topmost cell with volume fraction between
0 and 1 as the free surface. This was achieved by using UDF and storing the cell
information to the user defined memory which was later recognized as the unique free
surface cell to apply the volumetric heat source.

3.2.4 Boundary conditions
The boundary condition at the interface is given as
𝜕𝑇

−𝑘 𝜕𝑡 = 𝑄̇(𝑥,𝑦,𝑧)𝑖𝑛𝑡 − 𝜎ɛ(𝑇 4 − 𝑇∞4 )

(3.8)

where, 𝑄̇(𝑥,𝑦,𝑧)𝑖𝑛𝑡 is the heat source applied at the interface, 𝜎 is the StefanBoltzmann constant and ɛ is the emissivity which is used to account for the radiation
through the top surface. Here, T represents the temperature of interface and 𝑇∞ represents
the chamber temperature. Since the PB-EBAM process takes place in vacuum chamber,
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there is no convection heat loss from the part surface and therefore not included in the
boundary condition.
The Marangoni shear stress that results the outward flow of melt pool is given by:
𝜕𝛾 𝜕𝑇

𝜏 = 𝜕𝑇 𝜕𝑛
where

𝜕𝛾
𝜕𝑇

(3.9)

represent the surface tension gradient and n is the vector tangential to

the local free surface. Continuum surface stress (CSS) method is used to incorporate the
tangential flow of the melt pool.

3.2.5 Volumetric heat source
The free surface of the model starts to deform once it reaches melting point after
which the thermo-capillary force comes into effect. The application of heat source on a
pre-defined flat surface may not be appropriate as the surface is continuously deforming.
Therefore, the free surface needs to be tracked for reference to apply volumetric heat
source. Surface heat source is also a possible way to define heat at the interface[22]. In
this study, we have incorporated the volumetric heat source by tracking the interface so
as to appropriately predict the thermal response of PB-EBAM process. The tracking of
the free surface and application of volumetric heat source accordingly were accomplished
through UDF. The heat intensity is assumed to have a Gaussian distribution horizontally
and linear decay along the penetration depth as shown in equation 3.4.
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3.2.6 Vacuum approximation
The PB-EBAM process is carried out inside a vacuum chamber and an ideal
vacuum environment may not be modelled in VOF model. The momentum equation is
solved for the interface region which shares the portion of vacuum and Ti-6Al-4V
material. Hence, the viscosity and density cannot be zero; otherwise the solution would
become unphysical. Therefore, it was necessary to make approximation in order to define
vacuum. The operating pressure was set to zero; density and viscosity were highly
decreased to the range with which the converged solution would be obtained.

3.2.7 Material properties
Temperature dependent material properties are summarized in Figure 3.3. The
graph shows that density, specific heat and thermal conductivity of Ti-6Al-4V have
almost linear dependency with temperature and thus applied in fluent as piecewise linear
function. The reduced thermal conductivity of powder has also been considered [11].
Meanwhile, temperature dependent surface tension was applied through user defined
function. In addition, other physical properties of Ti6Al4V are summarized in Table 3.1.
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Figure 3.3 Temperature dependent density, specific heat and thermal conductivity of Ti6Al-4V [18-20].

Table 3.1 Properties of Ti-6Al-4V and process parameters used in model
Parameters
Solidus temperature, TS (°C)
Liquidus temperature, TL (°C)
Latent heat of fusion, Lf (kJ/Kg)
Beam diameter, Φ (mm)
Hatch spacing (mm)
Absorption efficiency, η
Acceleration Voltage, U (KV)
Powder layer thickness, tlayer (mm)
Porosity, φ
Preheat temperature, Tpreheat (°C)
Viscosity(kg/m-s)
Emissivity,
ε
Surface Tension
Gradient (N/m-K)
Emissivity, ɛ
Stefan-Boltzmann constant, σ

Values
1605 [51]
1655 [51]
440 [51]
0.65
0.2
0.9 [52]
60[53]
0.07
0.5
730[11]
0.049[55]
-0.00026[14]
0.7[56]
5.67×10-8
0.7 [54]

3.3. Experimental analysis
ARCAM PB-EBAM machine was used to build the samples using the system
specific setting called Speed Function (SF), which controls the electron beam speed,
current and the raster spacing during the part fabrication process to obtain the desired
melt pool size [57]. Ti-6Al-4V parts with build height 30 mm were fabricated using
various SF levels: SF20, SF36, SF50 and SF65. The speed function has been discussed
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in more detail in literature [12] and it has been indicated that the SF setting strongly
affects the surface morphology and surface roughness.
The roughness of as obtained sample surfaces was measured using white light
interferometer. The scan areas of 1.2 mm × 1.2 mm were selected from different regions
of the surface for the measurement. Average surface roughness (Sa), surface root mean
squared roughness (Sq), maximum surface roughness (St) etc. over the scan area are
measured at the same time. The contour plot of a typical selected region from the surface
along with measured surface statistics are depicted in Figure 3.4. Figure 3.5 shows the
surface profile along the scanning direction and in transverse direction as measured by
the white light interferometer passing through the point P. The measured 2D profile is
along the red line in scanning direction and blue line in transverse direction as shown in
Figure 3.4. The average surface roughness (Ra) along the scanning direction was found to
be lower compared to that of transverse direction. In addition, the profile along transverse
direction is semi-periodic with wavelength approximately equal to hatch spacing. PBEBAM process is a rapid melting and solidification process. During melting, the outward
flow of melt pool may accumulate liquid material at the edges of the scan which then
rapidly solidifies to form an elevated area on both sides of the scan track. As the hatch
spacing of 0.2 mm was used for experiment, the elevated region repeats after 0.2 mm gap
which can be clearly observed from Figure 3.5(b).
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Figure 3.4 Contour plot as displayed by white light interferometer

Figure 3.5 Typical 2D profile output from white light interferometer along (a) scanning
direction and (b) transverse direction.

3.4. Numerical simulation
A 3D VOF model has been developed using ANSYS Fluent software. The
volume fraction equation was solved along with energy and momentum equation to
predict temperature, fluid flow and surface deformation. As the electron beam strikes the
powder layer, the temperature of the powder rapidly increases, and it immediately melts
the powder. Surface tension gradient then comes into effect which tends to move liquid
Ti-6Al-4V from high temperature region to lower temperature region. This thermocapillary effect becomes dominant over viscous drag and begins to deform the surface.
The magnitude of surface tension will vary within the melt pool and is maxima at the
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edges of the melt pool. The surface deformation study was carried out at different beam
speeds.

3.4.1 Typical simulation result
For a given material, thermal response of the PB-EBAM process depend on
process parameters and the magnitude of the fluid flow depends on the thermal gradient.
The melt pool flow for liquid Ti-6Al-4V is from central high temperature region to
surrounding lower temperature region due to its negative surface tension gradient as
shown by the flat surface simulation [14]. However, in practice, the free surface in PBEBAM process undergoes continuous deformation during melting and solidification, and
the resultant flow of the melt pool may be affected by the surface deformation. Therefore,
in this study, VOF model is applied to predict the temperature on the deforming surface
and resultant deformation due to melt flow. The typical simulation result, with
temperature distribution and free surface formation along the first scan track for SF36
case is depicted in Figure 3.6. It is observed that the temperature distribution is
symmetrical in the electron beam scan direction and the maximum temperature predicted
is 2486.8 oC which is well above the melting point of Ti-6Al-4V. This ensures proper
melting of powder material. As seen from Figure 3.6(b), there is a hump formation due to
outward melt flow due to Marangoni effect at the edges of scanning region which may
highly contribute in the eventual surface roughness of solidified free surface. We may
also observe from Figure 3.6(c) that the surface ripples formation along the scanning
direction may not be significant compared to the hump formation along the transverse
direction.
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Temperature profile along the center line of first scan is illustrated in Figure 3.7
which exhibits the transition from powder to the liquid region. It is also perceived that the
region of high thermal gradient is just outside of the electron beam and there is an
extreme rise and fall of temperature near the beam center. Moreover, the temperature
distribution along transverse direction at the beam center also shows higher gradient at
the edges of the melt pool which would define the velocity distribution in the melt pool.
Therefore, magnitude of velocity is higher at the regions with higher temperature
gradient, due to higher surface tension force, as shown in Figure 3.8. In addition, the
molten materials tend to move outward and this phenomenon continues along the scan
track forming the elevated region in the edges of the melt pool.

Figure 3.6 (a) Temperature distribution at the end of first scan track, (b) hump formation
after solidification in transverse direction and (c) surface profile along scanning direction.
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Figure 3.7 Temperature profile along (a) scanning direction and (b) transverse direction

The velocity profile at different sections of the melt pool has been summarized in
Figure 3.8. The liquid metal tends to move upward and outward from the beam center
which may define how the surface would form during PB-EBAM process. The velocity at
the tail region of melt pool is lower which would reduce to zero as the beam moves away
defining the solidified area.

Figure 3.8 Velocity profile within melt pool

As the scan continues, the previously melted region begins to solidify due to heat
loss from conduction and radiation. During the second scanning which is in opposite
direction the lower elevated region from previous scanning may not be affected however
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much of the upper solidified elevated region is re-melted due to lower hatch spacing.
Over the course of numerous back and forth scanning, the solidified elevated and shallow
regions will from wave like structure. This wave like structure has noticeable crests and
troughs which repeat after the length equivalent to the hatch spacing as indicated in
Figure 3.9. Besides, it is also interesting to observe round shallower areas at the transition
region where scan vector changes direction. These are the region where the electron beam
strikes the longest resulting in longer heating which gives enough time for the melt pool
to spread in larger area.

Figure 3.9 Surface morphology predicted for SF36 case.

The heat penetration of electron beam is higher than laser melting processes.
When the powder layer is being melted, the applied heat is enough to melt the solidified
layer below the scanning area which ensures proper interlayer bonding. Due to the fluid
movement, the liquid formed from solid would mix with the liquid formed from the
powder. Figure 10 which is a portion of cross section along the scanning direction shows
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the mixing and melt separation phenomena. Some portion of solid phase gets mixed with
the powder as highlighted in the Figure 3.10(a). This phenomenon is observed more at
the region where the electron beam changes direction as a region is exposed to heating
for longer time and there is melt pool flow for longer time. Besides, it is also interesting
to observe the melt separation. When the surface tension force is very high, the molten
materials get ejected from the surface which is observed during the simulation and shown
in Figure 3.10(b). The materials dropping at the nearby solidified region may also
contribute to the final surface roughness.

Figure 3.10 (a) Mixing of powder and solid particles after melting and (b) melt
separation.

Figure 3.11 depicts the surface profile along the line in scanning direction and
transverse direction passing through point p', the origin, as shown in Figure 3.9. A central
line is drawn for the average roughness analysis and the sampling length of 6 mm and 1.2
mm were chosen in the scanning and transverse direction respectively. The Ra analysis
over the obtained profile shows very little difference between scan and transverse
direction, that is 5.2 µm and 5.5 µm. However, we may say that the transverse direction
has higher Ra compared to the scanning direction.
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The surface profile along the scanning direction is rather irregular. In contrast,
surface profile along transverse direction shows the repetition of elevated area after 0.2
mm which is in good agreement with the experimental result. It is also observed that the
average height of the free surface is lower than 1 mm. This may be due to shrinking of
the material after melting. It is also apparent from the free surface profile that the surface
height would decrease along the transverse direction due to accumulated shrinkage as a
result of re-melting during melting. Considering the magnitude of shrinkage for a single
layer, the overall shrinkage for the build part would be significantly higher.

Figure 3.11 Surface height profile along (a) scanning direction and (b) transverse
direction.

3.5. Results and Discussion
3.5.1 Experiment results
The stereoscopic images of different samples along with isometric images taken
from white light interferometer have been portrayed in Figure 3.12. It is noticed that
surface profile for SF20, SF36 and SF50 shows continuous track, whereas the surface of
SF65 case has large porous regions which may be due to improper melting of powder
particles; lower melt pool size may be a reason for poor surface formation. The surface
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height typically ranged from -7.4 µm to 11.6 µm in SF 20, -11.9 µm to 17.4 µm in SF36,
-24.1 µm to 59.5 µm in SF50 and from -231 µm to 197 µm in SF65 case. We may
identify the scan tracks from the isometric view, the red zone indicates the elevated
region and the blue zone represent the shallow region. However, specifically for SF65
case, the isometric view may not provide much information regarding the surface profile
due to higher disturbance in the surface. We may also observe the decrease in height
along the transverse direction from left to right for SF36 and SF50 cases which may be
due to shrinkage. This phenomenon is also observed from the simulation result as shown
in Figure 3.11(b).

Figure 3.12 Stereoscopic image and isometric view of surface scanned taken from white
light interferometer for (a) SF20, (b) SF36, (c) SF50 and (d) SF65 cases.
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Five scan areas are selected from the obtained samples for all cases, and the
measured Ra values are summarized in Figure 3.13.

Figure 3.13 Average surface roughness for different SF cases.

The results indicate that average surface roughness depends on the beam speed
and increases with speed function. In general, Sa ranged from 3 µm -11 µm in average,
with SF65 case having maximum surface roughness. When the beam speed increases the
melt pool gets smaller as the powder layer gets heated by electron beam for shorter time.
Therefore, powder particles may not be properly melted which may lead to insufficient
distribution of melt pool, formation of pores and eventually higher surface roughness.
In addition to overall roughness, numerous points on the free surface were
selected to obtain the Ra at the scanning and transverse directions for all SF cases to
understand how directions contribute to surface roughness. The roughness in scanning
direction is consistently lower compared to that of transverse direction. This shows that
the ripple formation in PB-EBAM process is not significant compared to the crest and
trough formation in the transverse direction. The crests and troughs formed in the
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transverse direction repeats with respect to the hatch spacing. Therefore, hatch spacing
may also play great role in overall surface roughness of PB-EBAM process.

3.5.2 Simulation results
3.5.2.1 Melt pool characteristics
The process parameters in accordance to different SF indices were used and
simulations with different beam speed were carried out. These beam speed correspond to
different Speed Function: SF20 (481mm/s), SF36 (853 mm/s), SF50 (1193 mm/s) and
SF65 (1595mm/s). The melt pool for each case is summarized in Figure 3.14 which
explains that the temperature distribution and resultant melt pool highly depend on the
beam speed. Previous experiments conducted by Price et al. [12] showed that the melt
pool length and width is the function of build height. For the same speed function,
typically SF20, melt pool length was observed to decrease consistently with increasing
build height. Moreover, maximum temperature, melt pool length and width decrease with
increasing speed function. The simulation results show the similar trend. The maximum
temperature predicted by free surface model for SF20, SF36, SF50 and SF65 cases were
2643 oC, 2487 oC, 2351 oC and 2322 oC and respectively which are in good agreement
with the experimental results of 2550 oC, 2420 oC, 2350 oC and 2200 oC.
The melt pool size decreases with increase in speed for same power input. The
melt pool length predicted by the free surface simulation is 1.73 mm, 1.34 mm, 1.2 mm,
and 1.187 mm respectively for SF20, SF36, SF50 and SF65 cases. Considering the
surface analysis for the top surface which has the height 30mm, the melt pools can be
said to be reasonable when compared to experimental results. For a build height of 24.43
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mm, the melt pool length observed through experiments was approximately 1.68 mm,
1.55 mm, 1.45 mm and 1.25 mm respectively[12]. The melt pool depths for all the
simulated cases were above 70µm which indicated that the previously deposited solid
material is also melted ensuring proper interlayer bonding. The melt pool depth also
decreased with increasing speed due to lowered maxima temperature.

Figure 3.14 Melt pool shapes from free surface for different SF cases

3.5.2.2 Velocity distribution
The velocity profile in the transverse direction is summarized in Figure 3.15. The
velocity at the center of the melt pool is comparatively lower and the maximum velocity
is observed at the edges of the melt pool which is due to higher thermal gradient at the
edge of the melt pool. This relatively higher velocity at the edge of melt pool leads to
formation of humps at the outer region. We may also observe the change in velocity field
with respect to the beam speed. The results show that the maximum velocity, obtained
from first track, within melt pool for SF20 case is 0.36 m/s whereas for SF50 and SF65
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cases are 0.2 m/s and 0.16 m/s. Moreover, there is less melt flow for higher speed cases
as the melt pool size decreases. Therefore, for very high beam speed, the melt flow may
not be sufficient to form a uniform surface. In addition, the magnitude of hump formation
depends upon the velocity component which is perpendicular to the scanning area. Figure
3.16 compares the maximum z-component of velocity which also decreases with
increasing speed. Therefore, the hump formation in SF20 case may be dominant over
higher SF cases.

Figure 3.15 Velocity profile in the transverse direction for different SF cases.
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Figure 3.16 Maximum velocity in vertical direction for different SF cases

3.5.2.3 Surface morphology
The deformed surface after raster scanning is summarized in Figure 3.17. It is
observed that the profile along the transverse direction shows similar trend in all the
cases. As the beam speed increases, the highly deformed defective ball like structures are
formed at different areas. For higher speed cases, due to decrease in intensity, the surface
tension force is less dominant over the viscous drag. As a result, spreading of the molten
pool may not be efficient which may result in higher surface roughness and formation of
surface defects. We may see from the Figure 3.17(a) that for the same scanning region,
due to widespread molten material in low speed case (SF20), the melted and solidified
area is higher. The width of the melted and solidified region for SF20 case is around 2.32
mm whereas for SF50 and SF65 cases, it is around 2.07 mm and 1.99 mm respectively.
Moreover, due to higher velocity magnitude, the hump formation is more dominant and
at the end of the scan tracks, sharp elevated humps are formed for SF20 case. Although,
we may observe comparatively disturbed surface formed after certain scanning in SF20
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case, there seems to be no surface defects in this case. For higher speed, the melt flow is
not adequate which gives rise to highly deformed surface within the scan area.
In order to study the effect of hatch spacing on the surface formation, a SF65 case
with hatch spacing 0.1 mm and 0.3 mm were simulated. The results indicate that
increasing the hatch spacing decreases the stacking of the material towards the hump.
SF65 case with hatch spacing 0.2 mm has higher material stacked towards the hump
compared to 0.3 mm hatch spacing as shown in Figure 3.17(c). When the hatch spacing
was reduced to 0.1 mm, the material stacking increased which is pictured in Figure
3.17(e). Based on the formed surface, we may say that hatch spacing would affect the
magnitude of surface roughness.
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Figure 3.17 Surface morphologies of solidified top surface by simulation for (a) SF20,
(b)SF50, (c) SF65, (d)SF65 with H=0.3 mm and (e) SF65 with H= 0.1 mm.

3.5.2.4 Surface Roughness Measurement
The deformed surface was obtained after raster scanning. Free surface data were
extracted from a transverse line passing through the origin. The transverse surface profile
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was obtained and the calculated average roughness over a selected sampling length is
summarized in Figure 3.18.

Figure 3.18 Surface roughness from simulation results along the transverse direction for
different cases: (a) SF20, (b) SF50, (c) SF65, (d) SF65 with H=0.1 mm and (e) SF65 with
H=0.3 mm
The roughness analysis shows that the surface roughness increases with speed
function and is lowest for SF20. For this low speed case, it is also observed that the
average free surface height after deformation is lowest which indicate more shrinkage.
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This may be due to higher melt flow and adequate distribution of the melt in the surface
over wider area. Although the Ra results obtained from simulation for SF20, SF36 and
SF50 cases are comparable to experiment, the model predicted lower surface roughness
for SF65 case. That is, the model was not able to predict highly porous surface formed for
SF65 case which contributed for greater surface roughness value. When the beam speed
is very high, the melt pool is smaller and there may not be adequate melt flow due to
which pores may be formed. This phenomenon appears due to improper melting of
powder particles which is not captured in this model developed under continuum
approach.
The hatch spacing may also affect the surface roughness. Two different hatch
spacing: 0.1 mm and 0.3 mm were used for SF65 case in addition to 0.2 mm. It can be
observed that, when the hatch spacing was reduced, the average surface roughness
decreased, whereas when the hatch spacing was increased, the average roughness
increased. The transverse profile for H=0.1 mm is rather flat compared to 0.2 mm and 0.3
mm. Therefore, we may say that hatch spacing plays great role in surface roughness of
PB-EBAM parts.

3.6. Conclusions
In this study a VOF model was applied to investigate the surface formation in the
PB-EBAM process through finite volume approach. Temperature dependent material
properties were defined for Ti-6Al-4V and volumetric heat source was applied by
tracking the interface between melting powder and vacuum. Follows conclusions can be
made from this study:
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1. The Marangoni shear force is function of temperature gradient. Therefore, for lower
beam speed, Marangoni effect is dominant which results in wider melt region. The higher
surface tension acts at the edge of the melt pool and tends to draw the molten metal
towards the boundary of melt pool. As a result, humps are formed at the edges.
2. Beam speed affects the surface formation and roughness of the PB-EBAM parts. In
general, the average roughness increases with speed function. Experiment results shows
that SF65 case has higher surface roughness due to formation of pores, but for this
particular case simulation predicted lower Ra of 6.52 µm. However, for other cases, the
Ra values predicted by simulation are comparable to experimental results.
3. Surface roughness in transverse direction was found to be higher compared to scanning
direction. Semi-periodic waves are observed which is the function of hatch spacing and it
significantly contributes to the roughness in the transverse direction. Therefore,
roughness can be reduced by using optimum hatch spacing.
4. The numerical model was able to capture various surface features of PB-EBAM
process. The temperature melt pool size and roughness predicted by free surface
simulation were in good agreement with experiment.
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CHAPTER 4 THERMO-FLUID MODELING OF SELECTIVE LASER MELTING:
SINGLE-TRACK FORMATION INCORPORATING METALLIC POWDER

4.1 Introduction
Selective Laser Melting (SLM) is an additive manufacturing (AM) process which
utilizes laser source to melt the powder layers. Computer aided design (CAD) data is
decomposed into numerous layers based on the layer height and each layer is formed by
multiple overlapping scan vectors. During each scan vector, as laser irradiates the powder
particle, it melts the powder as well as previously deposited layers forming a melt pool
within which the flow occurs. As the laser moves, the single track is formed due to
solidification in the wake of the laser beam.
The property of single track would determine the final part quality. Each track is
formed due to melting through heat transfer, fluid flow, and solidification and the track
quality depend on the energy density applied. Hence the effect of varying energy density
on the formation of single track needs to be investigated as the end parts of SLM process
is highly dependent on the process parameters selected and it is always desired to
optimize the process parameters. To achieve this, numerous experimental studies have
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been performed [58],[59]. Depending on the process parameters, the resultant single
tracks may have different forms: continuous track with a crescent or elliptical section,
discontinuous which may be irregularly broken or balled or only partially melted [60]. If
the energy density is not enough, balling phenomenon is observed which occurs due to
lower wetting ability and is dominant for lower laser power and higher scanning speed
[61, 62]. These single scan track experiments help narrow down the process parameter
window that would result in dense part and good surface finish.
Single track experiment help distinguish appropriate process parameters that
would result in dense single tracks without any balling or partial melting. However,
thermo-fluid modeling would help understand the inherent fluid flow that leads to the
formation of single track. Combined experimental and simulation study is desirable as the
simulation help explain what is happening during experimentation which may otherwise
be unknown. If the energy density is very high, evaporation occurs which result in
keyhole formation and keyhole pores. If the energy density is very low, then
discontinuous scan tracks are formed as a result of balling formation. These transitions
can be studied through thermo-fluid simulations which would assist experimental study
to understand and develop process window. However, SLM being powder bed process,
powder particles need to be properly modeled as it would affect the heat transfer as well
as fluid flow. Hence, several studies have been focused on mesoscopic modeling of SLM
process. Khairallah and Anderson [24] developed a powder scale model which was able
to predict the free surface formation while using constant surface tension. But, it is
important to consider Marangoni effect and Lee and Zhang [25] developed a 3D thermofluid model using commercial Flow-3D software incorporating surface tension gradient.
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Back and forth two-track simulation was performed, and the simulation result has been
compared with after two-track experiment. Similar modeling approach has also been
applied to predict the effect of powder layer thickness on the single track formation [63].
Khairallah et. al. [64] performed high fidelity modeling including complex physical
phenomenon and elaborated the mechanisms of pore formation, spatter and denudation
zones. As the melt pool temperature often exceeds the boiling temperature, it is important
to consider recoil pressure as well. Wu et al. [26] demonstrated the difference in melt
pool depth prediction with and without using recoil pressure. If the recoil pressure is
ignored, then the depth of the melt pool is underpredicted which is not desirable.
SLM is a layer upon layer process and therefore, the effect of additive layer
towards the part formation should also be studied. This would be possible through
mesoscopic model when a layer of powder is added to previously scanned layers.
Panwisawas et al. [65] used a simplified powder scale model to understand the behavior
of fluid flow towards the formation of pores due to the insufficient melting of powder
particles. In addition, build surface formation as well as surface roughness can be
predicted more accurately by using powder scale model. However, it would incur a high
computational cost to perform area scanning with powder scale model; therefore, studies
have been limited to continuum models. Dai and Gu [22] developed a two phase
continuum model to predict build surface formation at different process parameters. In a
similar manner, three phase model has also been developed for Powder Bed Electron
Beam Additive Manufacturing (PB-EBAM) process [66].
In this study, a sequential addition algorithm was used to obtain the powder
distribution over the base plate. A 3D volume of fluid (VOF) model was developed to
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predict the heat transfer, fluid flow and resulting track morphology during single track
formation. The transport phenomenon in the melt pool is investigated to understand the
formation of a single track during SLM process. In addition, a layer addition algorithm is
developed, and multi-layer simulation is performed.

4.2 Numerical Modeling
4.2.1 Powder scale model
A 3D model was developed with domain size 1200 µm × 400 µm × 250 µm as
shown in figure 4.1. Powder particles are defined by using sequential powder addition
algorithm[67] with some modifications to the reported formulas (equations 4.1-4.3).
When a powder particle drops, there may occur four situations: (a) a falling sphere rolls
over previously settled sphere, (b) falling sphere rolls over two previously settled spheres,
(c) falling sphere becomes stable after being in contact with three spheres, and (d) sphere
is not stable even if in contact with three sphere and has to roll further down to stabilize.
The algorithm has been discussed in detail in the literature [67] and only case (a) has
been shown in Figure 4.1 due to the modification made to the powder position update
formula. Point B in Figure 4.1 represents the contact point between sphere 1 and 2, point
O is the center of sphere 1 which is the reference for the coordinate system. Equation 4.14.3 represent the change in position of sphere 1 (x1,y1,z1) while rolling down sphere 2
(x2,y2,z2) due to the change in zenith angle θ represented by δθ.
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Figure 4.1 Incoming sphere rolling down over the previously deposited sphere.

x1=x2+(r1+r2) · sin (θ+ δθ) · sin ϕ

(4.1)

y1=y2+(r1+r2) · sin (θ+ δθ) · cos ϕ

(4.2)

z1=z2+(r1+r2) · cos (θ+ δθ)

(4.3)

where r1 and r2 are the radius of sphere 1 and 2 respectively and ϕ is the azimuth angle.
Above mentioned algorithm has been applied to obtain random powder
distribution which would represent the powder bed condition. In this study, powder size
distribution from 15 µm- 40 µm has been considered and the particles are defined over
the 90 µm solid Ti-6Al-4V substrate as shown in Figure 4.2. Volume fraction in Figure
4.2 differentiates two materials: Ti-6Al-4V and argon. Ti-6Al-4V is defined by volume
fraction 1 while argon has volume fraction zero and the free surface has volume fraction
in between 0 and 1 and therefore represented by green color. To properly capture the
volume fraction, a hexahedral mesh is defined over the domain. Mesh size of 5μm has
been used. The powder particles generated by sequential addition algorithm was read
through FLUENT user-defined function (UDF)
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Figure 4.2 Computational domain with powder particles distribution used for simulation

4.2.2 Governing equations
Laser heat source has been modeled as the conical volumetric heat source which
is represented in Eqn 4.4.
𝑄̇(𝑥,𝑦,𝑧) = 𝜂 × 𝐻𝑠𝑆×𝐼𝑧

(4.4)

where,
𝑧 2

1

𝑧

𝐼𝑧 = 0.75 (−2.25 (𝑆) + 1.5 (𝑆) + 0.75),
2𝑃

𝐻𝑠 = 𝜋𝑑2 exp {−

2[(𝑥−𝑥𝑠 )2 +(𝑦−𝑦𝑠 )2 ]
𝑑2

}.

where η represent absorption efficiency, P is laser power, S represent penetration
depth, d is beam diameter, xS and yS are heat source center position. Hs and Iz are
horizontal Gaussian distribution heat source and heat source magnitude decaying function
in the vertical direction, respectively. The heat source is defined in the UDF and applied
as the source term in the energy equation. The laser source is moved by updating xS and
yS position based on the scanning speed.
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4.2.3 Tracking of free surface
The VOF equation which is used to track the free surface during melting and
solidification is given as
𝜕𝐹
𝜕𝑡

+ 𝑣⃗. 𝛻𝐹 = 0

(4.5)

where, F represents the volume fraction and 𝑣⃗ represents the velocity vector. In
this model, two phases have been used: argon as phase 1 with volume fraction 0 and Ti6Al-4V as phase 2 with volume fraction 1. A free surface of the powder which interacts
with the argon has the volume fraction between 0 and 1. VOF equation is solved along
with mass, momentum and energy equations.

4.2.4 Boundary conditions
The boundary condition at the interface is given as
𝜕(𝜌𝐻)
𝜕𝑡

+

𝜕(𝜌𝑢𝑖 𝐻)
𝜕𝑥𝑖

𝜕
𝜕𝑇
= 𝜕𝑥 (𝑘 𝜕𝑥 ) + 𝑄̇ (𝑥, 𝑦, 𝑧) − ℎ𝐴(𝑇 − 𝑇∞ ) − 𝜎𝐴ɛ(𝑇 4 − 𝑇∞4 )
𝑖

𝑖

(4.6)
where, H is the enthalpy, k is thermal conductivity, 𝑄̇(𝑥,𝑦,𝑧)𝑖𝑛𝑡 is the heat source
applied at the interface, h is the heat transfer coefficient, 𝜎 is the Stefan-Boltzmann
constant and ɛ is the emissivity which is used to account for the radiation through the top
surface and A is the free surface area of cell. Besides the free surface, all the walls in the
domain have adiabatic boundary conditions.

53

4.2.5 Application of volumetric heat source
In the mesh-based simulation, the free surface should be properly identified to
appropriately apply the volumetric heat source which is of even more importance due to
spherical powder particles. In addition, the surface is continuously deforming during the
melting process. Therefore, the topmost cell with non-zero phase-2 volume fraction
which is the actual free surface must be tracked after each iteration which is achieved
through UDF. Figure 4.3 demonstrates how the topmost cell for each column is
identified. Volume fraction for each cell in a column is read and the z-coordinate of each
cell, from the same column with volume fraction in the interval (0,1) is compared.
Finally, the topmost cell which is irradiated to the laser is defined as free surface for that
column. The arrowhead points to the free surface cell which is pointed for each cell
beneath the topmost cell. The free surface cell information is utilized to define the
magnitude of heat source for cells beneath based on the penetration depth.

Figure 4.3 2D representation of topmost free surface identification to apply a volumetric
heat source
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4.2.6 Material Properties
Physical properties such as thermal conductivity, specific heat, density are the
function of temperature. Therefore, temperature dependent material properties
summarized in Figure 4.4 are used to define solid and powder Ti-6Al-4V. As the
properties are almost linear with the temperature, they are defined as piece-wise linear in
Fluent. Besides these, surface tension is also the function of temperature. Additional
material properties of Ti-6Al-4V have been summarized in table 4.1. Generally, the
surface tension of metal can be defined by equation 4.7.
𝑑𝛾

𝛾 = 𝛾𝑚 + 𝑑𝑇 𝛥𝑇

(4.7)
𝑑𝛾

where γ is the surface tension, 𝛾𝑚 is the surface tension at the melting point, 𝑑𝑇 is
the surface tension gradient and 𝛥𝑇 is the temperature difference in reference to the
melting temperature.

Figure 4.4 Temperature dependent material properties of Inconel Ti-6Al-4V [13].
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Table 4.1 Material properties of Ti-6Al-4V
Parameters
Solidus temperature, TS (°C)
Liquidus temperature, TL (°C)
Latent heat of fusion, Lf (kJ/Kg)
Beam diameter, d (μm)
Power (W)
Viscosity(kg/m-s)
Emissivity, ɛ
Stefan-Boltzmann constant, σ

Values
1605[51]
1655 [51]
440[51]
100
195
0.049
0.5 [68]
5.67×10-8

4.3 Results and Discussion
4.3.1 Single layer simulation
Typical simulation
The result of melt pool flow for scanning speed 600 mm/s and power 195 W is
described in this section. When the heat source is not applied, powder particles remain
solid. The application of heat source increases the temperature of a certain volume of
powder with the highest temperature at the center of the laser beam. With further increase
in the temperature, powder particle at the center starts to melt which is then followed by
the melting of surrounding powder particles as seen in Figure 4.5(a). The smaller powder
particles would melt before larger powder particles in the powder particles mixture of 15
to 40 µm. The melted powder fills the void between powder particles due to the
continuous flow of liquid and the melt pool becomes dense. The melt pool solidifies with
the progress in time as the heat source moves from left to right. This process of melting
and solidification continues to form a single track. The smaller powder will melt rapidly
in case of high energy density and the temperature may exceed the boiling point of the
material. This would result in evaporation and result in the higher depression below the
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heat source. In this calculation, the evaporation is not considered, and the effect of recoil
pressure is also not included.

Figure 4.5 Top view of the powder bed showing (a) the melt pool at t= 400 µs and (b)
solidified track at t= 1600 µs along with the temperature distribution (oC)

During melting, the flow is outwards, from higher temperature to lower
temperature due to surface tension gradient. The heat source is moved from the left to
right which allows the rear to cool down due to heat diffusion. During the solidification,
the melt flow changes direction from outer flow to inner flow which contributes to the
formation of a continuous bead. Figure 4.6 illustrates the transient behavior of melt flow
during single track formation. The transverse cross-section at 405 µm for scanning speed
600 mm/s with time progression has been presented in Figure 4.6. These figures represent
the volume of fluid fraction. The spherical powder slowly starts to change its shape at t=
300s µs. The melt pool depth keeps increasing up to t= 500 µs after which the
solidification starts. During the solidification, the melt flow is pulled in the upward
direction to form a track as seen in t = 900 µs. The powder has been completely melted
and the melt pool depth increases It clearly shows that the melt pool increases in depth
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during the heating period and then the flow reverse back under the effect of increasing
surface tension to form a solid track.

Figure 4.6 Melt pool dynamics during melting and solidification
In addition, it is observed that there is a shallow area at the end of the scan track.
This may be due to the insufficient flow of melt pool at the end of the scan track. When
the laser is turned off, the melt pool immediately solidifies leaving a shallow region at the
end of the scan track. As the void region is filled during the solidification, the insufficient
melt flow at the beam turn off point may result in pore formation.
A quick view just after the solidification at the point where the laser is stopped
shows that the depth of that shallow region changes according to the scanning speed.
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Process parameter effect
Power and Speed affect the amount of energy being fed into the powder bed
which ultimately affect the thermal response as well as melt flow. Therefore, melt pool
formed due to change in scanning speed at same power of 195 W is has been summarized
in Figure 4.7. We may observe that the melt pool width decreased with increasing speed.
This is due to the temperature distribution within the melt pool, low speed result in higher
temperature zones within the melt pool compared to high speed. The melt pool width
observed during the simulation with 400 mm/s, 600 mm/s, 800 mm/s and 1000 mm/s
were 220 µm, 200 µm, 160 µm and 140 µm respectively.

Figure 4.7 Melt pool comparison between different process parameters

Single track experiment was carried out in an EOS M270 machine with TiAl6V4
powder. Four single tracks were formed on the top surface with different scanning speeds
400 mm/s, 600 mm/s, 800 mm/s and 1000 mm/s at 195 W laser power. Then formed
track surface was analyzed through the white light interferometer to obtain the melt pool
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width which has been depicted in Figure 4.8. The 2D cross section has been presented for
two cases: 400 mm/s and 600 mm/s. The bead height measured is above the layer
thickness. At certain cross section, single track bead height for 400 mm/s was 90 µm
whereas for 600 mm/s was 80 µm although 30 µm was used during the experiment. Five
similar cross sections were taken in a span of 1000 µm from the interferometer and
averaged to calculate the track width. Single data was taken from the computational result
using Tecplot with an accuracy of 10 µm. The track width value obtained from the
experiment follows the trend and is in good agreement with the computational result as
shown in Figure 4.9.

Figure 4.8 Surface morphology for four velocity values at a constant power of 195 W
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Figure 4.9 Melt pool width comparison between experiment and simulation

Figure 4.10 shows the single-track morphology predicted for different scanning
speed. It is important to note that the single-track morphology is very different considered
to the experimental scan tracks. There are several reasons for this difference. During the
single track experiment, the neighbor powder particles get sucked into the melt pool
which would add the mass into the single track, therefore increasing the bead height [69].
In addition, the layer thickness after certain height may be more than defined layer
thickness to compensate for the shrinkage due to low powder packing density. In this
simulation, these factors have not been considered and therefore very small bead is
formed during solidification.

Figure 4.10 Solidified single tracks at different scanning speeds.

In the SLM process, laser turn off point is often important as there is often
insufficient melt flow due to which pores may occur. Figure 4.11 help explain the track
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end morphology at different scanning speed. At low speed of 400 mm/s, there may be
numerous pores formed at the end of the single track.

Figure 4.11 Image slice of the 3D domain at the shallow region for four scanning speed

4.3.2 Two-layer simulation
SLM is a layer by layer process and therefore the part quality depends upon the
interaction between layers as well. In this prospect, multilayer simulation becomes
important. A solidified track from the previous layer would affect the powder particle
distribution. Therefore, a two-layer simulation is carried out. To achieve this, at first, onelayer simulation is performed and after its completion, the free surface, that is single track
and neighbor powder particles are exported as a mesh. A program which was developed
based on sequential powder addition algorithm was modified to read the free surface data.
Figure 4.12 shows how the second layer algorithm works: the powder is dropped from a
certain height and as soon as it comes in contact with the sphere, the stability is checked
by reading the neighbor mesh. If the particle is not stable, then the iteration is continued
and the particles are rolled down to lower mesh until the particle becomes stable.
Moreover, if the incoming sphere comes in contact with a previously deposited sphere,
the same algorithm which has been discussed earlier is followed.
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Figure 4.12 Second layer powder addition demonstration.

Thus developed second layer powder addition algorithm was applied to obtain the
second layer of powder distributed over the first layer. Figure 4.13 illustrates the powder
being added. We can clearly see from Figure 4.13(a) how the first layer is being covered
up by second layer and after the complete addition, the first layer track is not visible.

Figure 4.13 (a) Second layer of powder being defined over first layer and (b) second layer
of powder after fully defined.

For two-layer simulation, higher scanning speed was selected to reduce the
computational time, at first, 1000 mm/s scanning speed is used with 195 W power. Figure
4.14 shows the transient behavior of the free surface during the melting process. It has
been experimentally shown that during the scanning process, the melt pool attracts
neighbor particles[69]. We may observe similar phenomenon during the simulation as
well. Initially, when heat is not applied, second layer powder particles are settled over the
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first layer. However, as the melt pool begins to form, its flow drives in such a manner that
the neighbor particles get attracted to the melt pool as well. However, due to the meshbased simulation, the particles do not get mixed into the melt pool. Due to this limitation,
bead formation would not be properly formed in this study.

Figure 4.14 (a) Solidified single track after second layer scanning, (b) Transverse and (c)
longitudinal cross section of solidified two layer-single track (v= 1000mm/s)

4.4 Conclusions
In this study, sequential addition algorithm was adopted to obtain powder bed
distribution over a solid substrate. A 3D thermo-fluid model was developed, and powder
particles distribution was imported to study fluid flow during melting and solidification
processes. Single-track formation in both single-layer and two-layer depositions were
developed to investigate the fluid dynamics in the melt pool and the formation of a single
track. Different scanning speeds were tested to study the temperature distribution, fluid
velocity and the formation of pores. Based on the simulation results, following
conclusions can be made.
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•

Inside the metal molten pool, the outward flow is observed during the melting
process, while the inward flow is observed during the solidifying stage.

•

In the testing range, the track width decreases with decreasing the laser scan
energy density.

•

The single-track bead height from simulations is lower than that observed in the
SLM experiments, which is even higher than the layer thickness due to possibly
the denudation phenomenon.

•

The free surface information from the first layer single track simulations can be
used to obtain the second layer powder distribution. Proper interlayer bonding has
been predicted for 195 W laser power and 1000 mm/s scanning speed.
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CHAPTER 5 A STUDY OF KEYHOLE POROSITY IN SELECTIVE LASER
MELTING: SINGLE TRACK SCANNING WITH MICRO-CT ANALYSIS
5.1 Introduction
Selective laser melting (SLM) is a metal-based additive manufacturing process
which utilizes a laser to selectively melt powder particles and form the desired product
after a layer-by-layer fabrication process [58]. SLM process has been applied to fabricate
parts from different metallic materials such as aluminium [70, 71], nickel [72, 73],
titanium [4, 74], steel [31, 75], etc. Among those, Titanium alloy Ti-6Al-4V has been
favored in aerospace industries [32] as well as biomedical applications [76-78] due to its
high specific strength and biocompatibility [79].
In spite of its freeform capability, the SLM process has issues of process-induced
defects such as porosity, cracks, part deformation, etc [80, 81]. Pores formed during the
process may be characterized as the keyhole pores and the lack of fusion pores [5]. These
pores if present within the SLM parts would degrade its part performances [31-33] and
therefore part optimization by porosity reduction is desired. Leuders et al. [33] explained
that pores within SLM samples have a drastic effect on fatigue behavior and the
significant extension of the crack initiation phase can be achieved by reducing the
porosity.
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Pore formation during the SLM process is affected by the energy density input
which is a function of the laser power, the scan speed, the hatch spacing, and the layer
thickness. Gong et al. [35] investigated part quality based on different energy densities
and demonstrated that the process window in SLM of Ti-6Al-4V could be divided into
three groups, insufficient melting, conduction melting, and keyhole melting. When the
energy density is very high, the temperature within the melt pool exceeds the boiling
point leading to material evaporation. The material evaporation would generate an
evaporation pressure, and the deep depression formed within the melt pool is known as a
keyhole. Such melting is known as keyhole-mode melting [36]. As the energy density
gets reduced, keyhole formation is not observed, and the mode of melting is called the
conduction melting. If the energy density gets further reduced, partial melting occurs
which lead to balling behavior and discontinuity in the track formation.
A few investigations towards part porosity developed during the SLM process
have been carried out. Ponnusamy et al. [6] performed a statistical analysis to investigate
the effect of various process parameters such as laser power, layer thickness, etc. towards
porosity. Besides, various studies have been conducted to characterize porosity using Xray tomography methods. Slotwinski et al. [7] utilized X-ray computed tomography
(XRCT) to measure porosity on additively manufactured cobalt-chrome (Co-Cr) samples.
The XRCT technique can help determine the pore distribution within the sample as well
as the pore morphology. However, the accuracy of the representation would depend on
the resolution of the system. Similarly, Zhou et al. [37] used Synchrotron radiation microCT to observe the defects formed within SLM parts. They concluded that such imaging
technique is a feasible method to obtain 3D images of SLM defects accurately.
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Furthermore, Ziółkowski et al. [38] explained the advantage of nondestructive XRCT
over traditional metallographic cross-sectional analysis. Siddique et al. [34] used a voxel
resolution of 4.8 μm to scan the SLM specimen. In addition, the authors performed a twodimensional metallographic study, to calculate the porosity and the authors found that
porosity calculated by metallographic studies and three-dimensional tomography had no
significant difference considering the critical pores. Kim et al. [39] used X-ray
microtomography to study the track changes in the morphology of SLM Ti porous
structures at a different stage of post laser melting production. They have demonstrated
that µCT can be used not only for 3D quantification but also as a feedback mechanism to
make improvements on initial designs. Van Bael et al. [40] used XRCT as a feedback
mechanism to improve the geometrical and mechanical controllability of selective laser
melted Ti-6Al-4V porous structures. The mismatch between the designed and the
measured properties such as pore size, strut thickness, strut volume, and porosity from the
first run were integrated into the second run which helped to minimize the mismatch.
Kasperovich et al. [5] presented the correlation between the process parameters
and the porosity formation during SLM fabrication of Ti-6Al-4V parts. The authors
showed that two types of void defects were present in SLM parts and the optimization of
the process parameters could reduce porosity volume fraction. Circular/spherical pores
were formed with the excessive energy input whereas insufficient energy density resulted
in elongated, narrow crack-like voids. Besides, there are combinations of power, speed,
etc. which would result in the same energy densities. Hence, energy density effect, as
well as individual parameters effects, should be investigated to identify the process
parameters which have more contributions towards porosity formation. In addition, it is
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also important to characterize the pores, as the pore location and pore size are critical to
the stress concentration and pores near to the surface are more critical even if they are
small in size [34].
The objective of this study is to understand the characteristics of the keyhole pores
resulting from different process settings. The effect of power and speed on pore size
distribution and pore depth is also a subject of interest. To achieve the objectives, single
tracks with different energy densities, are fabricated inside hollow cylindrical samples.
The samples are scanned using a micro-CT (μCT) scanner, and the reconstructed images
are analyzed. Keyhole pore characteristics such as pore size, pore volume, sphericity, etc.
are obtained. Total pore number and pore volume of the pores formed within the single
track are also measured. In addition to the energy density effect, the effect of power and
speed towards keyhole porosity was investigated, by keeping energy density as constant.

5.2 Experimental Approach
5.2.1 SLM specimen design and fabrications
Figure 5.1(a) shows the design and dimensions of hollow semi-cylinders samples.
The diameter of the sample is limited to 7 mm to ensure proper transmission of X-ray
from the sample during CT scanning. Further, two notches are designed to help identify
the endpoints of single tracks which would assist during CT scanning as they are used as
a reference to align the sample for CT scanning. Figure 5.1(b) demonstrates the
alignment of the single tracks on top of the previously fabricated semi-cylinder. The
cylinder samples contain four single tracks within, and the two neighbor tracks are
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formed 0.9 mm apart. This gap is needed to avoid the denuded area during the track
formation [28] as well as to minimize the effect of the residual heat from one track to the
another.

Figure 5.1 (a) CAD model of the specimen (unit in mm) and (b) Representation of single
track designed on top of previously deposited semi-cylinder.

The Ti-6Al-4V powder with 0-45 μm powder size distribution was used to
fabricate single track samples using EOS M270 system and the layer thickness during the
SLM build was 30 μm. Argon was supplied to the chamber to maintain the inert
atmosphere during the build. The samples were separated from the build plate after the
build was complete, and the remaining support structures were then removed by
polishing. Figure 5.2 shows the as build samples over the build plate and the samples
after the support removal.

Figure 5.2 (a) Samples after removal from the machine and (b) after support removal.
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5.2.2 Process parameter design
Pores formed in the SLM process are generally characterized as keyhole pores and
lack of fusion pores [17]. Keyhole pores are formed when the vapor bubbles are trapped
within the melt pool, which occurs at higher energy densities, and lack of fusion pores are
formed when some regions remain unmelted as a result of lower energy density. Energy
density in the SLM process is defined as [29, 30],
𝑃

𝐸 = 𝑣∗𝑑∗𝑡 ,

(5.1)

where P is laser power, v is scanning speed, d is hatch spacing and t is the layer
thickness.
Line scanning is the foundation of the SLM process, and the combination of line
scanning result in the formation of a layer. The study of single-track properties at
constant layer thickness may reveal pore formation mechanisms while reducing the
variables such as hatch spacing. And the line energy density (LED) can be simplified as
[82],
𝑃

𝐿𝐸𝐷 = .
𝑣

(5.2)

Table 5.1 shows the laser power and the scan speed used in this investigation and
their corresponding LED. Three replicates were fabricated to assess the repeatability of
the pore formation.
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Table 5.1 Process parameters used to investigate energy density (J/mm) effect.
Speed (mm/s) →

200

400

600

800

1000

1200

125

0.63

0.31

0.21

0.16

0.13

0.10

150

0.75

0.38

0.25

0.19

0.15

0.13

175

0.88

0.44

0.29

0.22

0.18

0.15

195

0.98

0.49

0.33

0.24

0.19

0.16

Power (W) ↓

LED-based studies deliver the combined effect of the power and the speed on the
porosity level. Some studies claim that the use of a specific volumetric energy density
(VED) would result in high-density parts [31, 83]. However, same energy density can be
obtained with a different set of power and speed. And the energy density may not be the
sufficient criteria to reach that conclusion as energy density is not able to capture the
complex physics such as Marangoni flow, hydrodynamic instabilities, and recoil pressure
which would dictate the track morphology [84]. Therefore, it is desired to understand the
effect of the power and the scan speed on the porosity. For this purpose, a different set of
parameters are designed keeping the energy density as constant. Three energy densities
(0.32 J/mm, 0.4 J/mm and 0.48 J/mm) are used to investigate the effect of the power and
the scan speed on pore formation as well as overall single-track property. Table 5.2
presents the list of the power and the speed corresponding to the three energy densities.
The maximum power of the laser (195 W) has been used for all cases, and the speed has
been modified based on the energy density.
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Table 5.2 Process parameters used to investigate power and speed effect.
ED(J/

Speed(

mm)

mm/s)

0.32
0.4
0.48

Power
(W)

50

100

150

200

250

300

350

406.2

450

487.5

550

609.4

16

32

48

64

80

96

112

130

144

156

176

195

20

40

60

80

100

120

140

162.5

180

195

-

-

24

48

72

96

120

144

168

195

-

-

-

-

5.2.3 Pore measurement and analysis
CT scanning of the fabricated samples was performed using a Bruker SkyScan
1173 micro-CT scanner which has three major components: X-ray source, sample stage
and flat panel detector as shown in Figure 5.3(a). The polychromatic X-ray source emits
the conical beam and can generate up to 130 kV X-ray. Since the absorption of Ti-6Al4V is very high, the maximum voltage of 130 kV is used during the scan. However, the
X-ray being polychromatic, an appropriate filter must be used to absorb low energy Xrays. 0.25 mm brass filter is used to absorb X-ray with energy below 90 kV which in turn
changes the camera sensitivity for X-ray radiation. This is necessary for highly dense
materials to reduce beam hardening artifact otherwise the outer surface would appear
more dense than interior due to higher absorption of low energy x-rays near the outer
surface. Some of the filtered X-ray beams gets absorbed by the sample, and some
penetrate through the sample which excites the camera sensor. The typical minimum
transmission through the sample lies between 18 and 19%.
Radiotransparent materials like clay, Styrofoam, and parafilm tapes are used to
mount the cylinder sample to the brass stage. The parafilm tape is wrapped around the
sample to ensure there is no movement during the scanning. The samples were scanned
using 6 µm pixel size and 2000 magnification. Rotation step of 0.1 degrees was used, and
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360o scanning was performed to obtain 3600 raw images. After obtaining raw images,
steps towards reconstruction such as beam hardening correction, ring artifact reduction,
misalignment compensation, and smoothing were performed using parameter fine-tuning
to minimize the ring artifacts and blurring effects, etc. Reconstruction from scan
projection images into cross-section images was carried out using NRecon, which is
software from Bruker.

Figure 5.3 (a) Schematic of μCT components and (b) Specimen setup in the CT system

CT-Analyser (CTAn) is also a software from Bruker which is used for measuring
quantitative parameters from scanned 3D datasets obtained with SkyScan microCT
instruments. For the measurement of keyhole pores, an individual volume of interest
(VOI) was generated with a transverse cross-sectional dimension of 400 μm × 500 μm,
and the length of 13 mm for every single track as shown in Figure 5.4. Then, the
reconstructed images were converted into binary images for pore measurement.
Individual pores were analyzed in geometry using CTAn software, and various pore
characteristics such as the pore volume, the surface area, the sphericity, etc. were
obtained as a result.
74

Figure 5.4 Selection of region of interest for porosity measurement.

5.3 Results and discussion
5.3.1 Typical scanning images
After generating a reconstructed data, Dataviewer software was used to observe
the single track formed within the cylinder. Figure 5.5 exhibits the CT images from a
typical specimen with different sectional views as well as the isometric partial cutoff
view. The color coding shows the density difference between the material, the light grey
area represents solid Ti-6Al-4V, the medium grey area represents powder, and the black
spots in the sagittal view, which represent the density of air, are pores. Four single tracks
shown in the figure were formed with 195 W power at scan speeds of 200 mm/s, 400
mm/s, 600 mm/s and 800 mm/s. The sagittal cross-sectional image, obtained from the
center of 195 W and 200 mm/s track, clearly shows the pores formed within the single
track. Besides the single track, the other solid regions were formed with the power of 170
W, a scan speed of 1200 mm/s and hatch spacing of 100 μm.
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Figure 5.5 (a) Coronal (X-Z), (b) Transaxial (X-Y), (C) Sagittal (Z-Y) cross-sectional
views and (d) 3D partial cut-off view.

5.3.2 Pore characteristics
Pore characteristics are obtained from the morphometry analysis of the binary
images. In CTAn, the binarization of the images is done by thresholding, which
transforms the grayscale images into binary images. The binarized images have been
shown in Figure 5.6, where the white pixels represent the pore and the black pixels
represent the solid Ti-6Al-4V. Individual pore analysis is then performed to obtain the
pore information such as pore volume, pore surface area, sphericity, etc. 3D pores are

76

rendered from the series of 2D images. Figure 5.6 presents an illustration of how the 18
successive images are used to form a 3D pore.

Figure 5.6 A 3D pore on right is rendered from the 2D images from the left.

Sphericity can be used to characterize and differentiate between pores formed due
to low energy density and high energy density [5]. Sphericity (𝜓), is a measure of how
close a body is to the mathematically perfect sphere, which can be calculated by using the
relationship
1

𝜓=

2

𝜋3 (6𝑉𝑝 )3
𝐴𝑝

(5.3)

where Vp is the volume of the object and Ap is the surface area. Pores formed due
to lower energy density may be significant during a layer formation or multilayer
scanning as the pores are formed due to partial melting. However, during the single-track
formation, only keyhole pores are identified, and the discontinuity observed due to lower
energy density have not been considered as pores. Figure 5.7(a) shows the reference point
used to measure the pore locations. The locations of the pores are measured from the
beginning of the scan track (X), the deviation of the pore from the middle of the track (Y)
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and the depth of pore centroid from the substrate free surface over which a single track is
formed (Z). Figure 5.7(b) shows twelve pores formed at the end of a single track created
with parameters 195 W and 400 mm/s (0.49 J/mm) and Table 5.3 shows the detailed
characteristics of those pores. The sphericity of all the pores is above 0.8 which mean that
they have a nearly spherical shape [5]. These are the pores formed due to very high
energy input, and the pores are formed up to 200 μm deep which indicated that the pores
are the result of deep penetration melting. In addition, the pore centroids formed due to
keyhole mode melting are located very close to the center of the laser beam.

Figure 5.7 (a) Pore location definition and (b) detail view of pores formed at the end of
scan track from 195 W 400 mm/s parameters.

Table 5.3 Location and properties of 9 pores from 195 W and 400 mm/s parameters.
Pore

Volume ×105

Equivalent

ID

(μm3)

Diameter (μm)

Sphericity

X ×104

Y

Z ×102

(μm)

(μm)

(μm)

1

1.38

29.7

0.89

1.17

1.34

2.02

2

3.96

42.3

0.88

1.15

-3.33

1.88

3

3.15

39.2

0.89

1.14

-3.29

1.84

4

7.11

51.4

0.89

1.09

6.04

1.58

5

1.60

31.3

0.82

1.06

-3.72

1.81
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6

1.02

26.9

0.95

0.98

-16.9

1.70

7

4.18

43.1

0.90

0.97

1.9

1.61

8

2.87

38.0

0.89

0.96

-2.49

1.16

9

1.97

33.5

0.88

0.94

4.81

1.53

10

3.64

41.1

0.9

0.91

14.5

1.45

11

0.25

16.9

0.84

0.88

17.5

1.42

12

9.47

56.5

0.87

0.82

-10.2

1.78

5.3.3 Process effects
It has been recognized that laser power and scan speed would affect the singletrack property. The mode of melting during the single-track formation depend upon these
parameters and the metallographic studies showed that at high line energy densities
keyholes pores are formed [34]. But the number of pores formed at different LEDs is
unknown. Therefore, this study aims to find the relationship between the energy density
and the keyhole porosity. Besides keyhole pores, pores may also form at the end of the
track due to the collapse of the depression upon turning the laser off [35]. Hence, a wide
range of LEDs has been selected to investigate the pore formation, and the results are
explained in section 5.3.3.1.
In the laser melting process, power is the most significant parameter while
determining the penetration depth [36], while laser speed is a significant factor towards
the width of the heat affected zone [37]. The behavior of the melt pool would change
with changes in the laser power and the scan speed. As the LED does not correspond to
the unique laser power and scan speed, it may not be used as an individual parameter to
define the optimal processing condition. For the same LED, the level of porosity may
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change depending upon the combination of the laser power and the scan speed. Hence, it
becomes important to inquire about the effect of different level of power and speed
within the same LED towards porosity. Section 5.3.3.2 explains the effect of the power
and speed on the porosity within the same LEDs.

5.3.3.1 Line energy density effect
The energy density, e.g., LED in single tracks determine how much energy per
unit length is being supplied to the powder bed system. Thus, the peak temperature of the
melt pool as well as the magnitude of depression will change. As a result, the melt pool
length, width, and depth will depend on the LED. Figure 5.8 shows the single-track
morphology obtained from different LEDs. The results indicated that the track width is
proportional to the LED. As the energy density increased, the track width increased. For
the same power, the amount of heat input per unit area increases as the scanning speed
decreases. The investigated parameters formed a dense track, and no balling behavior was
observed. However, for 125 W, 1200 mm/s discontinuity in the track was observed at
certain locations. This may fall within the transition region between conduction mode
melting and incomplete melting.
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Figure 5.8 Single track morphology from different energy densities.

Figure 5.9 presents the 3D rendered pores and their location along the single
tracks for three cases: 195 W and 200 mm/s (0.98 J/mm), 195 W and 400 mm/s (0.49
J/mm) and 195 W and 600 mm/s (0.33 J/mm). The frequency of the pore decreased with
increasing scan speed for the same power level. Pores during deep penetration melting
are formed due to keyhole instability [85], and the reduction in pore count may indicate
that the severity of keyhole fluctuation is reduced with decreasing energy density. In
addition, only 4 pores were observed for 195 W and 600 mm/s compared to 41 pores for
195 W and 400 mm/s. This difference may be due to the transition from keyhole mode
melting to conduction mode melting. Among the four pores observed for 195 W, 400
mm/s case, one pore formed at the end of the track was significantly larger than the other
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three. The pores at the end of the tracks are observed in other low energy density cases as
well. When the laser turns off at the end of the single track, the melt pool flows to fill the
depression formed during the laser scanning. However, due to rapid solidification, the
melt flow may not be able to fill the depression, especially when the depression is deeper
as a result of which the pores are formed [64].
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Figure 5.9 3D pore view observed at different process parameters.

Figure 5.10 shows the average diameter and depth of the pores formed with
different LEDs. The standard deviation shown in the error bar indicated that there is a
huge variation in the size of the pores formed within the same single-track compared to
the depth of the pores. In general, as the energy density increased, the average pore
diameter and depth increased. High energy density would increase the melt pool
temperature due to which material evaporation occurs leading to the formation of a vapor
column. As the absorptivity of the melt pool increases with the formation of a vapor
column, keyhole depth is also increased [86]. The size of the vapor column depends on
the applied intensity, and the collapse of bigger vapor column may lead to larger pores
while the collapse of narrower vapor column may lead to smaller pores. For the highest
energy density of 0.98 J/mm, average pore depth is 252.5 μm. The average diameter of
the pores formed as a result was 47 μm, with the range from 8 μm pore to 127 μm.
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The pores are formed at different depth with different process parameters. It is difficult to
explain the melt pool depth resulted from different power level with the study of porosity
alone. However, the pore depth would provide an insight on how deep the keyhole
penetration is as the metallurgical studies show that keyhole pores are mostly formed at
the bottom of the melt pool [36, 87]. And the keyhole penetration increased with
increasing energy density.

Figure 5.10 (a) Pore diameter and (b) pore depth summary from different LEDs.

Figure 5.11 summarizes the average pore volume and the number of pores formed
from the single tracks with 24 different energy densities. The averages were taken from
three replicates, and the error bar shows the minimum and the maximum pore number
and pore volume obtained from three replicates. The keyhole porosity decreased with
decreasing energy density as the magnitude of the keyhole effect decreased. Among the
investigated energy densities, the maximum average number of pores and volumes were
observed for 0.88 J/mm (195 W and 400 mm/s). The pore number is obviously higher for
0.88 J/mm compared to 0.98 J/mm (195 W and 200 mm/s) however, the range in pore
volume showed no clear difference between these two energy densities. Nonetheless, the
energy densities with the power of 175 W (0.44 J/mm with 400 mm/s and 0.29 J/mm with
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600 mm/s) resulted in higher number as well as volume of pores compared to the power
of 195 W with respective scan speeds (0.49 J/mm with 400 mm/s and 0.33 J/mm with
600 mm/s). These results influenced the study of power and speed effect towards keyhole
porosity.

Figure 5.11 Total pore volume corresponding to different energy densities used.

The results are further interpreted based on the power and the speed with Figure
5.12. A plot has been generated to identify the variation in average pore volume within
the same scan speed. The trend of porosity is repeated, as for the same power, the
porosity level decreased with increasing scanning speed. In addition, for the same speed,
increasing the power would increase the pore volume with an exception from 175 W to
195 W, which may have some relationship with the keyhole depth. It has been
experimentally observed that, for the same speed, increasing the laser power would
increase the keyhole depth which may induce more keyhole pores [88].

85

Figure 5.12 Average pore volume at different power and speed.

After analyzing the energy density effect on porosity, it was observed that the
pore number and pore volume generally increased with increasing energy density.
However, there is a significant drop in pore number and pore volume when LED
increased from 0.31 J/mm to 0.33 J/mm and 0.44 J/mm to 0.49 J/mm. In addition, the
average pore number and pore volume also decreased when LED increased from 0.88
J/mm to 0.98 J/mm. The energy densities where the drop in the porosity occurred had the
same power of 195 W. These results suggest that energy density may not be an enough
criterion to determine the porosity level, as power seems to conribte more towards
porosity. Moreover, it has been reported that the volumetric energy density is not an
appropriate metric to quantify melt pool depth [84] which may also contribute towards
porosity. Hence, individual effects of power and speed of the same energy have been
investigated.
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5.5.3.2 Effect of power and speed at same energy density
Based on the LED effect study, three energy densities which resulted in the
keyhole pores have been selected to study the effect of the power and the speed within
the LEDs. The single-track morphologies obtained from a different combination of laser
power and scan speed (LED = 0.48 J/mm) have been presented in Figure 5.13(a). The
average widths from all the tracks were measured, and the range of the track width and
the averages have been summarized in Figure 5.13(b). The track morphology shows that
when the power level is low, a discontinuous track is formed even at a higher energy
density. This behavior is like that of the low energy density cases of an incomplete
melting regime. When a low power is used, the applied energy is not enough to form a
fully developed melt pool, and partial melting leads to the balling formation. The balling
formation at the high energy density but low power and scan speed may be explained
based on the temperature of the melt pool. The peak temperature within the melt pool for
a beam moving with a speed v is [36],

𝑇𝑚𝑎𝑥 =

2𝐷
√2𝐴𝐼𝜎
tan−1 √ ,
𝑘 √𝜋
𝑣𝜎

(5.4)

where A is absorptivity, σ is the half width of Gaussian beam at surface, I is the laser
intensity which is related to the laser power (P) as I = P/2πσ2, D is thermal diffusivity of
the molten material and k is thermal conductivity. Based on the analytical expression
presented in Equation 5.4, the peak temperature to a great extent depends on the laser
power rather than scan speed. Hence, lowering the laser power within the same energy
density would mean lowering the melt pool temperature. If the power is too low, partial
melting may occur like that in 24 W and 50 mm/s case. Such discontinuous tracks are
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observed for lower power cases in other energy densities as well: 16 W and 50 mm/s and
32 W and100 mm/s for 0.32 J/mm and 20 W and 50 mm/s for 0.4 J/mm energy densities.
As the power and speed was further increased, it resulted in the formation of
continuous and wider tracks. 48 W laser power with 100 mm/s speed only resulted in
average track width of 146 µm, whereas track width beyond this power and speed were
over 190 µm. The melt pool width remained indifferent with further increase in the power
and the speed. This may be due to the keyhole mode melting as the flow became
dominant along the depth which resulted in almost similar track width.

Figure 5.13 Single track morphology at different process parameters for LED=0.48 J/mm.

The longitudinal cross-sections of the single tracks for 0.48 J/mm LED have been
presented in Figure 5.14. The longitudinal section of the single track with 24 W and 50
mm/s shows wavy profile due to discontinuity in the track. As the power and speed were
increased, the waviness was reduced, and continuous, dense tracks were formed. Single
tracks with 48 W and 72 W did not reveal pores, while as the power increased beyond 72
W, numerous pores were observed. Furthermore, the average depth of the pores increased
with an increase in power as shown in Figure 5.15(b). Pore depth has a lower deviation
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compared to pore diameter within the same track. The results show that the
characteristics of the keyhole highly depend on the level of power.
The increase in pore depth with increase in power within same energy density
may be explained with the non-dimensional depth during laser melting. It has been shown
that in the laser welding, the non-dimensional depth of the weld (δ*), which is the ratio of
depth to the beam diameter, is related to the laser parameters and material properties by
the expression [89]
𝛿 ∗ = 𝑓𝑛(

𝐴𝐶𝑃
𝜌ℎ𝑠 √𝐷𝑣𝜎3

),

(5.5)

where C is a constant with no dimensions, ℎ𝑠 is enthalpy at melting. From Equation 5.5,
it is apparent that the power has more effect on the depth of the melt pool.

Figure 5.14 Longitudinal sections from the single tracks with ED=0.48 J/mm.
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Figure 5.15 Pore diameter and pore depth summary from process parameters of
LED=0.48 J/mm.

Figure 5.16 presents the summary of the effect of the power and the scan speed on
the pore count and the pore volume. The average pore number and pore volume along
with their range obtained from three replicates are presented. It is observed that the level
of porosity increased with increasing energy density for the same level of power. In
addition, as the power and speed increased for the same energy density, the pore count
and the total pore volume increased. As the power would affect the keyhole depth, pore
count and volume may increase with increasing power. However, this was not always
true for the same energy density as increasing power after a certain level decreased the
pore number as well as pore volume. In addition, power appeared to be more significant
towards the pore volume as the critical power seems to be similar for all three cases. At
low power and low speed, no or very few pores were observed. The pore count increased
significantly around the power of 100 W and continued to increase until 140 W. For 0.32
J/mm LED, average maximum volume of pore was observed at 130 W. However, for 0.4
J/mm and 0.48 J/mm, maximum number and volume of pores formed at 140 W and 144
W respectively. As the power was further increased, the total pore volume decreased
while the depth of the pores increased.
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Figure 5.16 Pore count and pore volume obtained at different process parameters from
different energy densities (a) 0.32 J/mm, (b) 0.4 J/mm and (c) 0.48 J/mm.

The observed results in Figure 5.16 may be explained with the help of Figure
5.17, which shows the relationship between the excess pressure due to evaporation
((p+po)/po) and the surface tension pressure, depending upon the normalized keyhole
radius a/σ [90]. The pressure on the keyhole wall (p+po) is normalized with ambient
pressure po and the keyhole radius (a) is normalized with laser beam radius σ.
Equation 5.6 and 5.7 shows the energy balance and pressure balance equations
which can be solved numerically to obtain equilibrium keyhole radius [90]. The energy
balance equation is,
𝑞𝑎𝑏𝑠 = 𝑞𝜆 + 𝑞𝑎𝑏𝑙 ,

(5.6)

where, 𝑞𝑎𝑏𝑠 is the absorbed energy flux density, 𝑞𝜆 is the heat conduction losses and 𝑞𝑎𝑏𝑙
is the energy carried away by evaporation. And the pressure balance equation is,
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𝑝𝑎𝑏𝑙 (𝑎) = 𝑝ϒ (𝑎),

(5.7)

where, 𝑝𝑎𝑏𝑙 (𝑎) is the evaporation pressure and 𝑝ϒ (𝑎) is the surface tension pressure.
Based on these, there exist two equilibrium states as shown in Figure 5.17: point A and
point B. Point A is called an unstable equilibrium as the surface tension exceeds
evaporation pressure to its left which leads to collapsing keyhole, while to the right,
evaporation pressure exceeds the surface tension pressure and keyhole will expand to
equilibrium state B. Furthermore, five different evaporation pressure curves are shown
for different absorbed laser power per thickness (Pabs/d). It shows that there exists a
threshold value of the absorbed laser power per thickness (curve 3) below which a
keyhole cannot exist. This would explain the formation of keyhole pores at higher power
and speed and incomplete melting at lower power and speed which has been shown in
Figure 14. That is, for the same energy density, when the power and speed keep on
increasing, the melting mode changes from partial melting to conduction melting to
keyhole melting. In addition, the probability of pore formation increases around unstable
equilibrium, and as the keyhole diameter further increases with an increase in power, the
keyhole melting is stable, and the probability of pore formation decreases. This may be
the reason for the trend observed in Figure 5.16. As the power was increased to around
140 W, the unstable equilibrium was reached, and with further increase in power, the
keyhole became more stable thus reducing the number and volume of pores.
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Figure 5.17 Stability of keyhole formation affected the evaporation pressure and the
pressure due to at surface tension at different energy densities [91].

5.4 Conclusions
In this study, laser single track scanning was conducted using an EOS M270 and Ti-6Al4V powder with different parameters, total 24 different LEDs, ranging from 0.1 J/mm to
0.98 J/mm, to investigate the relationship between the porosity severity and the LED.
Keyhole pores formed in the single tracks were measured using a SkyScan 1173 microCT scanner, followed by data analysis to obatin individual pore geometry and the overall
characteristics such as the pore volume, the pore depth, the sphericity etc. Moreover, to
investigate the laser power effect under the same energy density on the keyhole pororisty,
three energy LED levels, 0.32 J/mm, 0.4 J/mm and 0.48 J/mm, were tested with a wide
range of the laser powers. The results and analyses lead to the following conclusions.
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•

At the same LED, increasing the laser power shows a distinct transition from
incomplete melting to conduction melting, and to keyhole melting. Considering
0.48 J/mm, at a low power level (24 W and 50 mm/s), balling formation due to
incomplete melting is observed. On the other hand, as the power increase from 96
W to 195 W, keyhole pores are observed, and the depth of the pores increases
with the increasing the laser power.

•

Keyhole porosity generally increases with increasing the LED. However, it is
observed that the porosity decreases when the LED increases from 0.31 J/mm to
0.33 J/mm, from 0.44 J/mm to 0.49 J/mm, and from 0.88 J/mm to 0.98 J/mm.

•

For the pore size, the equivalent pore diameters measured are in a wide range,
from 8 μm to 127 μm and the frequency of larger pores appears higher in higher
LEDs, which show increased average pore diameters. In addition, the pores are
deeper from the surface with the increase of LED.

•

The power/speed effect study shows that the level of the laser power is highly
influential towards the keyhole porosity due to its influence on the keyhole
stability. For the same LED, e.g. 0.40 J/mm, the pore number, and the pore
volume increase with increasing the power until about 140 W and then both the
pore number and volume decrease, if the power is further increased. This may be
due to the stability of the keyhole formation at different laser energy intensities.
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CHAPTER 6 A NUMERICAL STUDY ON THE KEYHOLE FORMATION DURING
LASER POWDER BED FUSION PROCESS

6.1 Introduction
Laser powder bed fusion (LPBF) process is a metal-based additive manufacturing
(AM) technology which utilizes a laser to sequentially melt the powder particles. Due to
the line by line and layer by layer scanning process, complex geometries can be
fabricated using LPBF. However, the process itself would induce defects due to high
thermal gradient and residual heats[50]. The severity of defects formation depends upon
the process parameters and hence the proper selection of process parameters is a must.
Several studies have been carried out to find the optimum process window which would
give full density parts [35, 91]. Single track experiment would provide knowledge about
the track profile, mode of melting, etc. However, it would require build preparations, part
fabrication, metallography, etc. to get all the information which is costly as well as timeconsuming. Hence, predictive simulation models in LPBF are very important as it would
reduce the experimental efforts. In addition, simulation tools also help to understand the
underlying physical phenomenon which is otherwise difficult to observe from
experiments [24].
The melt pool behavior during the single track formation depends on the process
parameters selected such as laser power and scan speed [82]. Furthermore, the surface
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quality of the layer would additionally depend on the hatch spacing [23]. Lee and Zhang
[25] developed a high-fidelity model by including physics such as the Marangoni effect
and recoil pressure, which are important to correctly predict the melt flow during the
SLM process. The recoil pressure due to evaporation causes significant depression and its
inclusion within the model help predict melt pool depth accurately. In addition, the
transverse cross-section profile of the molten pool was found to be relatively symmetric
about the center of the laser. In a similar manner, Wu et al. [26] demonstrated that the
recoil pressure triggered keyhole formation significantly affects the flow behavior which
in turn affect the track morphology. Melt pool predicted with recoil pressure is deeper
and narrower compared to the identical model without the recoil pressure. Khairallah et
al. [64] incorporated a ray tracing laser heat source to predict the heat transfer and fluid
flow during the LPBF process. The single-track simulation explained the complex melt
flow as well as the formation of pores and denudation zones. Tan et al. [92] utilized
powder scale model to study the evolution of porosity during different modes of melting.
It was found that pores formed due to lower energy density were irregular in shape while
those formed with high energy density were spherical or elliptical in shapes. Besides,
Multiphysics model has been applied to compare the melt pool formation between two
different materials: steel and molybdenum [27]. The melt pool size predicted for
molybdenum is much smaller than steel due to its higher thermal conductivity.
During the LPBF process, pores may form due to incomplete melting known as
lack of fusion pores or due to over-melting known as keyhole pores. When the energy
density is very high, material evaporation occurs which leads to the formation of a
keyhole. Zhao et al. [93] used ultrafast X-ray imaging for real-time monitoring of LPBF
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process. The static laser source applied to the powder bed system shows the development
of keyhole and the formation of pore after the laser turn off. Parab et al. [94] captured the
transient behavior of the keyhole using high-speed synchrotron X-ray imaging. The
keyhole shapes formed during LPBF of Al-Si10-Mg at Ti-6Al-4V were presented, and
the images showed the change in keyhole shape with the change of processing parameters
such as laser power and scan speed. Likewise, Cunningham et al. [95] carried out a detail
x-ray imaging experiment to observe the keyhole threshold and morphology in laser
melting of Ti-6Al-4V alloy. The captured images show the transition from conduction to
keyhole mode of melting. The shape and size of vapor depression varies widely across
the P-V space. The results also show that the spot size affect the magnitude of vapor
depression. These experiments certainly help visualize and understand the powder
dynamics, keyhole formation etc., especially the complexity of the process itself to be
fully captured by the simulation. In addition, the micro-CT based porosity study has
shown that within the same line energy density (LED), the porosity level would depend
on the power [96]. As the power increased to 140 W at LED of 0.4 J/mm, the pore
number increased while there was a drop in the pore number and volume as the power
was further increased. It is difficult to explain such results from the experiment only, as
the underlying physics is not known, hence high-fidelity simulation would help
understand the keyhole behavior during the LPBF process.
In this study, a powder scale model is developed including complex physics such
as Marangoni effect, recoil pressure, and evaporation, multiple reflections within
keyhole, etc. which are important to predict different modes of melting during LPBF
process. The melt pool predicted at different modes: conduction and keyhole melting
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were compared and validated against the experiment, and then the effect of power and
speed towards the keyhole behavior has been investigated.

6.2 Discrete element method
LPBF is a powder bed AM process. Due to the presence of the porosity between
the powders, the laser interaction would be different compared to the flat surface. Ye et
al. [97] studied the effect of powder bed thickness on the laser absorptivity and the
results indicated that at low power, the difference in absorptivity is significant. Hence, it
is important to model the powder particles as there would be multiple reflections of laser
rays inside the powder bed. Discrete element method (DEM) is a numerical scheme
developed to simulate the behaviour of discrete interacting bodies [98] and therefore is a
suitable approach to simulate the powder distribution in LPBF process. An opensource
DEM code called LIGGGHTS (LAMMPS Improved for General Granular and Granular
Heat Transfer Simulations) is used to simulate the powder distribution process. The
powder generation and recoating process of LPBF is simulated by designing a reduced
size of the dispenser platform and build platform as shown in Figure 1. The distribution
of the powder diameter with range 0-45 μm is discretized to get the percentage mass
distribution. This discretized particle size range is then utilized to generate the powder
particles based on the mass contribution. Due to the use of an explicit time integration
scheme and small particle diameters, very small time-step size should be used. The time
step is chosen which satisfies the Rayleigh criteria shown in equation 1 [99]. In order to
maintain a reasonable time step size, the minimum powder radius used is 10 μm.
𝜋𝑅

√𝜌/𝐸

𝑚𝑖𝑛
∆𝑡 = 0.163𝑣+0.877
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(6.1)

where ∆𝑡 is the time step size, 𝑅𝑚𝑖𝑛 is the minimum radius of the powder particles, 𝜌 is
the density, E is the modulus of elasticity and v is the speed of powder. The material
properties of Ti-6Al-4V such as modulus of elasticity, poisons ratio etc. used during the
simulation have been summarized in Table 6.1.

Table 6.1 Ti-6Al-4V properties for DEM simulation.
Parameters
Density (Kg/m3)
Modulus of Elasticity (GPa)
Poisson’s ratio
Coefficient of restitution
Sliding friction coefficient
Rolling friction coefficient

Values
4420
200
0.41
0.5
0.5
0.1

In the DEM algorithm, all particles are identified separately by their radius, mass,
moment of inertia, etc., and all the particles are tracked by solving their trajectories. The
general forms of model equations are presented (equation 6.2 and equation 6.3) [100].
The force balance for the particle with index i is
𝑚𝑖 𝑥̈ 𝑖 = 𝐹𝑖,𝑛 + 𝐹𝑖,𝑡 + 𝐹𝑖,𝑏 ,
𝐼𝑖

𝑑𝜔𝑖
𝑑𝑡

= 𝑟𝑖,𝑐 × 𝐹𝑖,𝑡 + 𝑇𝑖,𝑟

(6.2)
(6.3)

where 𝐹𝑖,𝑛 is the normal particle-particle contact force, 𝐹𝑖,𝑡 is the tangential contact force
and 𝐹𝑖,𝑏 is the body force (gravity in this case). The torque due to tangential force is given
by 𝑟𝑖,𝑐 × 𝐹𝑖,𝑡 , while 𝑇𝑖,𝑟 is and additional torque on the particle modelled by means of a
rolling friction. The particle-particle contact models have been explained in detail in
reference [100].
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The spherical powder particles are generated based on the distribution and
dropped into the dispenser platform. During the spreading process, there is an interaction
between particles and mesh walls in addition to the particle-particle interaction. Figure
6.1(a) shows the randomly distributed powder particles over the dispenser platform. As
the powder is settled, the platform is moved up and recoater is moved towards the build
platform. During this process, the interaction between powder particles and build
platform determine the powder bed distribution which is depicted in Figure 6.1(b).
Besides, the powder distribution over the build platform also depends on several factors
like build platform surface, size distribution, an angle of repose, etc. [101]. The distance
of 60 µm is maintained between the recoater and the build platform considering the
maximum diameter of the particle is 45 µm.

Figure 6.1 (a) Powder added to the dispenser platform and (b) powder particles settled
over build plate after recoating process.
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6.3 Thermo-fluid simulation
6.3.1 Simulation domain
A 3D thermo-fluid model is developed using a FLOW-3D software as shown in
Figure 6.2. During the LPBF single track formation, a laser travels along a line with
predefined speed. The width and depth of the melt pool depend upon the process
parameters applied. Higher energy density would result in a wider and deeper melt pool
[87]. This study is focused on keyhole mode melting which is a result of very high energy
density. Considering this, a bigger computational domain along depth is required. Hence,
a 3D model with domain size 1200 µm × 400 µm × 520 µm is developed. The powder
over the base platform is imported from the LIGGGHTS simulation result. The domain is
represented based on the fluid fraction. Powder and solid have fluid fraction of 1 and the
rest has 0 fluid fraction. Since the volume of fluid (VOF) is used to predict the surface
formation, a hexahedral mesh of 5 µm is applied to the computational domain which
resulted in close to 2 million cells. In addition, all the walls of the domain are assigned
with adiabatic boundary conditions.
During the simulation, the laser was turned on at 200 μm in positive X and Y
directions and total scan length used was 800 μm. After the laser traveled 800 μm, it was
turned off and the melt pool was let to solidify.
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Figure 6.2 3D computational domain used for single track simulation.

6.3.2 Material Properties
The physical properties such as thermal conductivity, specific heat, density are the
function of temperature. Therefore, the temperature dependent material properties
summarized in Figure 6.3 are used to define solid and powder Ti-6Al-4V. In addition,
other properties have been listed in Table 6.2.

Figure 6.3 Temperature dependent material properties of ti-6al-4v [18].
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Table 6.2 Properties of Ti-6Al-4V in a thermo-fluid simulation.
Parameters
Solidus temperature, TS (K)
Liquidus temperature, TL (K)
Boiling temperature, Tv (K)
Latent heat of fusion, Lf (kJ/Kg)
Latent heat of evaporation (kJ/Kg)
Viscosity(kg/m-s)
Surface tension (N/m)
Surface tension gradient (N/m-K)

Values
1878
1928
3533
286
9830
0.005
1.68
-0.00026

6.3.3 Boundary conditions
During the simulation, momentum and energy balance equations are solved to
predict the fluid flow and temperature, respectively. The heat input is from the laser
which has been modeled as a moving Gaussian distribution heat source in the horizontal
direction and the equation of the source is presented in equation 6.4.
2ηP

2

(6.4)

𝑞(𝑤) = 𝜋𝑟 2 exp (−2𝑤
)
𝑟2

where q is the heat flux at a radial distance w from beam center, P is laser power, η is
absorptivity of the material, r is the laser beam radius.
As the heat source is applied, the temperature of the powder and substrate increases,
and the powder begin to melt. When the melting point is reached, the flow is primarily
governed by the surface tension which is defined as,
𝑑𝛾

(6.5)

𝛾 = 𝛾𝑚 + 𝑑𝑇 𝛥𝑇

where γ is the surface tension, 𝛾𝑚 is the surface tension at the melting point,

𝑑𝛾
𝑑𝑇

is the

surface tension gradient and 𝛥𝑇 is the temperature difference. Metals generally have
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negative surface tension gradient and therefore, melt flow occurs from higher temperature
region to lower temperature region. Due to the melt flow, the surface deforms with time
and the deformed surface is captured by updating the fluid fraction using equation 6.6.
𝜕𝐹
𝜕𝑡

(6.6)

+ (𝑉. 𝛻)𝐹 = 0

In addition, when the temperature within melt pool exceeds the boiling
temperature, metal evaporation occurs leading to recoil pressure. The pressure boundary
condition used in the simulation is,
𝑃𝑟𝑒𝑐𝑜𝑖𝑙 = 0.54𝑃0 exp (

𝛥𝐻𝑣 (𝑇−𝑇𝑣 )
𝑅𝑇𝑇𝑣

)

(6.7)

where 𝑃0 is the atmospheric pressure, 𝛥𝐻𝑣 is the specific enthalpy of metal vapor, 𝑇𝑣 is
the boiling temperature, T is the surface temperature and R is the universal gas constant.
Equation 6.8 can be simplified as:
𝑃𝑠 = 𝐴 𝑒𝑥𝑝 {𝐵 (1 −

𝑇𝑣
𝑇

)}

(6.8)

where A=0.54*𝑃0 , B is a coefficient which is the ratio of latent heat of evaporation to a
product of the gas constant and 𝑇𝑣 .
The recoil pressure would increase the melt pool depth due to the formation of
vapor depression which may lead to keyhole formation depending upon the magnitude of
the recoil pressure. The vapor formation would change the absorptivity within the
keyhole as vapor has a different rate of absorption than molten metal. Also, within this
keyhole, multiple reflections of the laser occur from the keyhole walls which has been
approximated by Fresnel reflection as,
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1 1+(1−𝜀𝑐𝑜𝑠𝜙)2

𝜀 2 −2𝜀𝑐𝑜𝑠𝜙+2𝑐𝑜𝑠2 𝜙

𝑎 = 1 − 2 (1+(1+𝜀𝑐𝑜𝑠𝜙)2 + 𝜀2 +2𝜀𝑐𝑜𝑠𝜙+2𝑐𝑜𝑠2𝜙)

(6.9)

where 𝜙 is the angle between the incident ray and the surface normal and 𝜀 depend on
material properties and laser type and is related to electrical conductance per unit depth
(𝜎𝑠𝑡 ) of metal, real part of the dielectric constants (𝜀1 , 𝜀2 ), the permittivity of vacuum (𝜀𝑜 )
and 𝜔 represent the angular frequency which is one of the laser properties [86]
𝜀2 =

2𝜀2
𝜎
2
𝜀1 +[𝜀1 +( 𝑠𝑡 )2 ]1/2
𝜔𝜀𝑜

.

(6.10)

6.4 Results and discussion
6.4.1 Typical simulation result
During the LPBF process, the selection of process parameters would determine
the melt behavior. Depending upon the laser power and scan speed, incomplete melting,
conduction mode melting, and keyhole mode melting are possible. The following
sections will discuss the melt pool behavior during conduction mode and keyhole model
of melting. The experimental results are taken as a reference for the selection of the
process parameters [87].

Conduction Mode
In this case, the laser power of 195 W and scan speed of 1000 mm/s is used. Since
the melt pool penetration would not be high, the substrate size was reduced, and 200 µm
thick substrate is used only for this case. Figure 6.4 presents the temperature distribution
and the melt flow during laser motion. The red area shown is the melt pool while the laser
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is still in motion and the velocity is maximum at the laser application area which
gradually decreases towards the solidification front. Also, the melt pool gradually
solidifies as the laser beam moves further away.
A depression is observed at the laser application area which is due to the recoil
pressure. But, the recoil pressure at this setup is not enough to develop a keyhole and
therefore melt pool is stable. Cunningham et al. [95] performed X-ray imaging during the
single track formation of similar process parameters which is presented in their
supplementary results. It is interesting to see that the numerical simulation is able to
predict the shape of the depression formed at those parameters.

Figure 6.4 Powder and substrate melting during laser application.

The simulation melt pool depth is around 70 μm which means that the penetration
would be enough to form a strong bond between layers. In addition, no pores are
observed during 0.8 mm scan length simulation due to the stability of the melt pool. The
melt region after the single track has completely formed is shown in Figure 6.5. A
depressed area is formed at the end of the scan track. Bertoli et al. [84] have explained
the transient behavior of the single track at the beginning and end of the scan. Bump is
formed at the laser turn-on region and height profile slopes downward at the laser turn off
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region. Figure 6.6 compares the simulation result with the experiment carried out with the
same processing parameters[102]. A near semi-circular melt pool shape is predicted with
the applied parameters and the melt pool cross-section comparison shows that the
simulation can be used to predict the melt pool penetration and boundary during the
LPBF process. The melt pool profile is in good agreement with the result from the
experiment.

Figure 6.5 Melt region formed after complete melting and solidification.

Figure 6.6 Melt pool boundary compared with the experiment [103].

Keyhole Mode
During the keyhole mode melting, the material evaporation leads to a repulsive
force within the melt pool and an opening is formed which is filled with the vapor. The
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evaporation pressure developed would depend on the evaporation flux. This pressure acts
to open the keyhole. As the size of the vapor column increases, more vapor is trapped
inside it, and the absorption of the keyhole wall further increases. Hence, the depression,
as well as the vapor column, continues to grow.
On the other hand, surface tension pressure along with convection induced
pressure and hydrostatic pressure act to close the keyhole. However, the magnitude of
convection induced pressure and hydrostatic pressure could be neglected due to its weak
contribution [90]. As the vapor column becomes wider, the tendency of it to collapse due
to surface tension becomes less.
Figure 6.7 shows the relationship between the excess evaporation pressure
((p+po)/po) and the surface tension pressure based on the normalized keyhole radius a/σ
[90]. The pressure on the keyhole wall (p+po) is normalized with ambient pressure po and
the keyhole radius (a) is normalized with laser beam radius σ. The two equilibrium states
(A and B) shown in Figure 8 are obtained from energy and pressure balance equations
given in equation 6.11 and equation 6.12 respectively [90].
𝑞𝑎𝑏𝑠 = 𝑞𝜆 + 𝑞𝑎𝑏𝑙 ,

(6.11)

𝑝𝑎𝑏𝑙 (𝑎) = 𝑝ϒ (𝑎),

(6.12)

where 𝑞𝑎𝑏𝑠 is the absorbed energy flux density, 𝑞𝜆 is the heat conduction losses, 𝑞𝑎𝑏𝑙 is
the energy carried away by evaporation, 𝑝𝑎𝑏𝑙 (𝑎) is the evaporation pressure and 𝑝ϒ (𝑎) is
the surface tension pressure. When the vapor column is below the point A (ra), the surface
tension force can close the vapor column, but if the vapor column continues to grow
beyond A, the surface tension force is unable to close the vapor column and the stable
keyhole is formed. Due to this, point A is regarded as an unstable equilibrium [90]. As
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the vapor column continues to grow, at a certain point, another equilibrium can be
observed which is represented by point B. This is a stable equilibrium where the surface
tension would act dominantly to close the vapor column if it further grows.

Figure 6.7 Equilibrium points during the formation of vapor column [91].

A high line energy density has been used to observe the keyhole mode of melting.
195 W laser power and 400 mm/s scan speed is used for this purpose as it would result in
pores due to keyhole melting [103]. As the energy density is very high, the temperature
within the keyhole exceeds the evaporation temperature, and material evaporation leads
to the recoil pressure. Hence, vapor depression is formed which further enhances the laser
absorption due to multiple reflections through the keyhole walls. This causes more vapor
to form and keyhole depth increases. Figure 6.8 presents the formation of the depression
which shows the changing multiple reflections to the change in the surface morphology.
At 20 μs, the penetration is not deep, however as the material is continuously irradiated
with the laser, there is an increase in the depression. During this period, there is a high
interaction between evaporation pressure and surface tension. A surface tension force
tries to close the vapor gap developed which can be observed at 140 μs. But, due to the
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high intensity of the power, the keyhole remains open during most of the melting process.
However, the keyhole closes as the vapor column reaches close to the equilibrium. Due to
this, pores are formed, and some of them are trapped in the solidification front.

Figure 6.8 Multiple reflection vectors from the keyhole wall.

Figure 6.9 illustrates the formation of pore during the keyhole mode melting.
Figure 6.9(a) shows the transient keyhole behavior. At 300 µs, the keyhole formed
remains open, and with the further development of the keyhole, the surface tension force
becomes dominant over the evaporation pressure which tries to close the vapor column.
When the force is enough to break the column, a bubble is formed as seen at 360 µs, with
strong velocity field around the bubble. These bubbles are either trapped in the
solidification front, or they collapse. At 390 µs, the bubble has collapsed to the forming
keyhole. The numerical model can capture the essence of keyhole as well as bubble
formation in regard to the high-speed x-ray images discussed in literatures [95, 104].
Figure 6.9(b) shows the temperature distribution and shape of the vapor depression. The
keyhole wall temperature exceeds the evaporation temperature. This suggests that there is
continuous evaporation of metal. Due to the formation of vapor column, substantial
displacement of liquid of liquid from the center of the spot occurs and the liquid moves to
the melt pool away from the laser center. Due to this, a surface wave is formed at the rear
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of the melt pool since the flow is dominant towards the keyhole rear wall. The formation
of surface wave would play a detrimental role in the morphology of the single track. A
bubble trapped at the solidification front is also identified. The bubbles which are trapped
are the pores which remain within the single track after it is fully formed.

Figure 6.9 (a) Velocity field, keyhole profile and breakage of keyhole to form bubble,
and (b) 2D temperature and velocity field along longitudinal section.

The formation of the transverse profile of the melt pool is explained with Figure
6.10. At 260 μs, when the laser is just above, a depression is formed, which continues to
grow (300 μs). As the laser beam moves away, the melt flow is inward which tend to
close the depression as seen in 330 μs. After some time, a fully solidified transverse
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keyhole profile is obtained. The simulated keyhole profile has been compared with the
experimental result from literature in Figure 6.11 [87]. The developed numerical model
can predict the keyhole shape formed due to high energy density. The transverse profile
is in good agreement with the experimental transverse profile.

Figure 6.10 Fluid flow in transverse direction during keyhole melting.

Figure 6.11 Melt pool boundary compared with the experiment for 195w laser power and
400 mm/s scan speed [88].

The final single track after solidification is shown in Figure 6.12. Several pores
are observed within the tracks. These are the pores which were trapped within the
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solidified melt region. This suggests that the keyhole pores are formed when the process
parameters resulting in high energy density is used.

Figure 6.12 Melt region formed after complete melting and solidification.

A single track experiment with the same laser parameters had been carried out
using EOS M270 LPBF system [105]. Ti-6Al-4V powder (0-45 μm) was used to form a
12 mm long single track and micro-CT was carried out to observe the pores formed
within the single track. Figure 6.13 shows the cross-section as well as 3D rendered pores
formed at the beginning 3 mm of a single track. Within this region presented, 10 keyhole
pores are observed.

Figure 6.13 2D images of the pores formed at the beginning of the single track and their
3D rendered morphology.
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6.4.2

Effect of power and speed on keyhole formation
Line energy density (LED) is the function of laser power (P) and scan speed (v).
𝑃

𝐿𝐸𝐷 = 𝑣

(6.13)

Within the same energy density, the behavior of the flow and single track would
depend upon the power and speed. The range of optimum scan speed varies with the level
of power [82]. An experimental study had been carried out to investigate the effect of
power and speed on the level of porosity during the formation of 12 mm long single
tracks [96]. Figure 6.14 presents the pore number and pore volume resulting from the
different combination of power and speed with LED of 0.4 J/mm. The results indicated
that the pore number and volume increased to a certain level of power and then dropped
with further increase in power at same energy density. This interesting behavior is
difficult to explain with experimental study alone and therefore the numerical model has
been utilized to understand the physics that leads to such behavior.

Figure 6.14 Pore number and volume from a different level of power with LED = 0.4
J/mm [97].

Again, LED of 0.4 J/mm was used for numerical study which would result in the
formation of a keyhole and the corresponding power and scan speed has been listed in
114

Table 6.3. A bigger window of power is selected to gain more insight towards the
keyhole mode melting as the power used in the experiment was limited to 195 W.

Table 6.3 Power and Speed with LED = 0.4 J/mm.
LED = 0.4 J/mm
Power (W)

100

200

300

400

Scan speed (mm/s)

250

500

750

1000

Figure 6.15 displays the keyhole shapes when the laser has moved 0.125 mm,
0.25 mm, 0.375 mm, 0. 5 mm, 0.675 mm and 0.75 mm. The respective time, which
would vary with scan speed, has been shown in the figure. The behavior of the keyhole
changes with a change in process parameters. For lower power (100W) and speed (250
mm/s), the keyhole opening is rather small as shown in Figure 6.15(a). The keyhole
opening increased with increase in power and speed. For higher power (400 W) and
speed (1000 mm/s), the keyhole opening is larger in diameter and the closing force is not
enough due to which keyhole remains open for longer time. In addition, the depth of the
penetration is lower for lower power and speed. This behavior may be explained with the
expression shown in equation 6.14 which shows that melt pool depth is more affected by
the laser power than scan speed. The non-dimensional depth (𝛿 ∗ ) of the melt pool (ratio
of depth to the beam diameter) takes the form [89]
𝛿 ∗ = 𝑓𝑛(
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𝐴𝐶𝑃
𝜌ℎ𝑠 √𝐷𝑣𝜎3

),

(6.14)

where C is a constant with no dimensions, ℎ𝑠 is enthalpy at melting. The 100 W laser
power lead to very small vapor opening due to lower intensity while 400 W power leads
to higher vapor opening and higher melt pool depth.
Besides, the interaction between evaporation pressure and surface tension are
different for different laser power and scan speed. When the intensity is not enough, the
equilibrium state is nonexistent, which represent the conduction mode of melting. As the
intensity keeps on increasing, deep penetration is observed and after some point, there
exist equilibrium states which decides the stability of the keyhole melt pool. The keyhole
front wall becomes more inclined with increasing laser power and scan speed.

Figure 6.15 Keyhole shape at different time steps from different parameters, (a) P = 100
W, v = 250 mm/s, (b) P = 200 W, v = 500 mm/s, (c) P = 300 W, v = 750 mm/s and (d) P
= 400 W, v = 1000 mm/s.
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Figure 6.16 Intensity dependence in the relationship between vapor column and recoil
pressure [20].

Figure 6.17 shows the temperature distribution during laser melting when power
and speed of 300 W and 500 mm/s and 400 W and 1000 mm/s are used. The temperature
of melt pool exceeds the evaporation temperature; therefore, the material evaporation
occurs at the keyhole walls. However, the keyhole opening is different for these two
cases. In this regard, the evaporation pressure effect for two cases would be different and
hence the evaporation pressure and surface tension pressure interaction.
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Figure 6.17 Temperature distribution when laser has moved 0.7 mm with p = 100 w, v =
250 mm/s and p = 200 w and v = 500 mm/s.

Figure 6.18 exhibits the melt pool boundary formed after solidification. The pores
trapped within the melt pool are also identified. The melt pool depth increased with
increasing power from 100 W to 300 W, however, there is a drop in the melt pool depth
when the power is further increased from 300 W to 400 W. This may be due to the
change in absorptivity within the melt pool. At some point, when the vapor column
exceeds the beam diameter, the absorptivity of the melt pool remains constant, which
would explain the reduction of the melt pool depth as speed is also increased along with
power. Trapp et al. [88] have performed an experiment to measure the absorptivity of
metallic powders during the LPBF process. It was observed that the absorptivity of melt
pool increases with the increase in power due to keyhole formation, however, the
absorption finally saturates and remain constant on further increase in power. In addition,
as the keyhole wall became more inclined with increasing power and speed, the final melt
pool shape is also affected by this.
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Figure 6.18 Longitudinal melt region obtained with different power and speed at same
energy density.

6.5 Conclusions
A 3D thermo-fluid model has been developed to simulate the LPBF process and
investigate the keyhole behavior and pore formation. DEM was used to simulate the
particle distribution in a powder bed and the output was exported as a domain for the
thermo-fluid simulation model. A moving Gaussian heat source, surface tension gradient,
evaporation pressure along with multiple reflections within a keyhole were included to
predict the melt pool and keyhole behavior. The melt pool results with both conduction
and keyhole mode melting have been compared with the experiments from the literature;
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the melt pool shape and size from the transverse cross-section show a reasonable
agreement. As to the keyhole formation in LPBF, its stability strongly depends on the
process parameters used. Following are the major findings derived from this study:
•

In conduction mode melting, the applied energy is lower with only small
depression formed in the melt track. There is no significant interaction between
the surface tension pressure and the evaporation pressure in such cases, and thus,
no pores were observed.

•

In keyhole mode melting, the radius of the keyhole is a strong function of the
laser power, and therefore, the keyhole behavior changes with the laser power
even at the same energy density.

•

The keyhole depth increased with an increase in the laser power from 100 W to
300 W, but then slightly decreased when the power was further increased from
300 W to 400 W, possibly due to the saturation of the laser energy absorption
within the keyhole.
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CHAPTER 7 A STUDY OF PORE FORMATION DURING SINGLE LAYER AND
MULTIPLE LAYER BUILD BY SELECTIVE LASER MELTING
7.1 Introduction
Selective laser melting (SLM) is a powder bed additive manufacturing (AM)
process which utilizes metal powder as feedstock material. Powder particles are added
layer upon layer, and the selected area is melted with the laser. The layer by layer process
enables the fabrication of complex components which are otherwise impossible to be
fabricated with a subtractive technique. However, the process may form a different kind
of defects such as porosities, part deformation, etc. These defects which are formed
during the SLM process should be mitigated to improve the part performance.
Pores in the SLM process generally form due to process parameter settings. High
energy density leads to keyhole pores, whereas the use of very low energy density leads
to lack of fusion pores[5, 65]. But the energy density may not be enough to characterize
the porosity [106]. The track morphology, depth of the melt pool, and pore formation are
highly dependent on power than scanning speed for the same energy density [106].
Besides, simulation study has shown that the keyhole pores are formed due to the
instability of the keyhole, which depends on the applied power [107].
Keyhole pores and lack of fusion pores contribute differently towards the
mechanical behavior of the components [35]. A small number of pores formed due to
high energy input is harmless when present up to 1 vol.% whereas the effect of the pore
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formed by insufficient energy is significant even if the amount is as low as 1 vol.%.
Kasperovich et al. [5] presented the correlation between the process parameters and the
types of pores formed during SLM fabrication of Ti-6Al-4V parts. Generally, two types
of void defects are present in SLM parts, circular/spherical pores are formed with the
excessive energy input, whereas insufficient energy density results in elongated, narrow
crack-like voids. Reducing these porosities improve tensile performance [108], fatigue
performance [32, 33], and hardness [31]. In addition, it is also important to characterize
the pores, as the pore location and pore size are critical to the stress concentration and
pores near to the surface are more critical even if they are small in size [34].
A few studies have focused solely on the pore formed during the SLM process.
Ponnusamy et al. [6] carried out statistical analysis to investigate the effect of laser
power, layer thickness, etc. on porosity. As pores are the internal features, X-ray based
studies are suitable for non-destructive analysis of porosity and hold an advantage over
destructive porosity analysis [38]. Maskery et al. [109] stressed the importance of CT
based study as the statistical quality obtained by the data from CT would not be available
my metallography due to the requirement of a large number of micrographs. But, the
quality of the data obtained from CT analysis depends on its resolution. Siddique et al.
[34] performed both X-ray based pore characterization using a voxel resolution of 4.8 μm
to scan the SLM specimen and two-dimensional metallographic study to calculate the
porosity. The authors found that porosity calculated by metallographic studies and threedimensional tomography had no significant difference considering the critical pores.
Similarly, Wits et al. [110] explained the difference in pore size measurement between
micrograph and CT study. The CT always measured the smaller area, but both optical
122

techniques and CT are influenced by several factors which could lead to the observed
diversity. Slotwinski et al. [7] utilized X-ray computed tomography (XRCT) to measure
porosity on additively manufactured cobalt-chrome (Co-Cr) samples which helped
determine the pore distribution within the sample as well as the pore morphology. In a
similar manner, Zhou et al. [37] used Synchrotron radiation micro-CT to observe the
defects formed within SLM parts. The authors concluded that micro-CT imaging
technique is a feasible method to obtain 3D images of SLM defects accurately. Kim et al.
[39] utilized µCT as a feedback mechanism to make improvements on initial designs and
Van Bael et al. [40] used XRCT as a feedback mechanism to improve the geometrical
and mechanical controllability of selective laser melted Ti-6Al-4V porous structures.
This study uses previous single-track results [106] to design the experiment and
investigate the effect of hatch spacing. Hatch spacing is another variable, besides laser
power and scan speed, which contribute towards the volumetric energy density. Hatch
spacing affects the maximum temperature and heat accumulation [111]. Track variations
depending upon the hatch spacing is the inherent phenomena of SLM process[112]. Thijs
et al. [113] used hatch spacings of 50 µm, 70 µm and 100 µm, while the width of the
single track was 97 µm. The micrograph results showed that small pores are formed with
smaller hatch spacing, while with 100 µm hatch spacing, larger elongated pores are
formed. Read et al. [83] performed analysis of variance to investigate the individual and
interaction effect of laser power, scan speed and hatch spacing on the porosity. Based on
the analysis, hatch spacing alone did not affect the porosity, but the interaction between
the scan speed and hatch spacing affected the porosity. The combinations of laser power
(125 W, 150 W, 175 W, and 195 W) and scan speed (600 mm/s, 800 mm/s, 1000 mm/s
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and 1200 mm/s) from conduction regime are selected and hatch spacing is calculated
based on the percentage of the measured track widths. Six levels of hatch spacings are
investigated: 60%, 70%, 80%, 90%, 120% and 150% of track width. Again, micro-CT is
used to scan the samples and observe the interior pores. Total pore numbers and volume
obtained due to the different parameter settings are compared.

7.2 Approach
7.2.1 Design of Experiment
This study is focused on the effect of hatch spacing on the porosity during the
SLM process. The single track experiment was performed at first [106], and the measured
track width results are utilized to design the single layer and multilayer experiments.
Figure 7.1 shows a typical example of single-track transverse profile showing the width
of the single track. The top bead is identified with CT analysis which enables the
measurement of track width, even without the observation of the melt profile formed
beneath the surface. Hatch spacing is the gap between two successive laser tracks as
shown in Figure 7.1. A percentage of the single-track width is used to define the hatch
spacing and 60%, 70%, 80%, 90%, 120%, and 150% of the track widths are used to form
single layer and multilayers. Table 7.1 lists the laser power, laser speed, track widths
from different combination of power and speed, and the corresponding hatch spacing.
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Figure 7.1 Single track geometry and hatch spacing definition in single layer scanning.

Table 7.1 Process parameters used in single layer and multilayer design.
Laser
Scan speed
power (W) (mm/s)

Track
width (μm)

60%

Hatch spacing (μm)
70% 80% 90% 120%

150%

125
125
125
150
150
150

600
800
1000
600
800
1000

138
120
101
145
133
121

83
72
61
87
80
73

97
84
71
102
94
85

111
96
81
116
107
97

124
108
92
130
120
110

166
144
122
174
160
146

208
180
152
217
200
182

175
175
175
195
195
195

800
1000
1200
800
1000
1200

143
140
127
163
155
135

86
84
76
98
93
81

100
98
91
114
109
94

115
112
103
131
125
108

129
126
114
147
140
121

172
168
152
196
186
162

215
210
190
245
232
202

7.2.2 Sample Design and Fabrication
Figure 7.2(a) shows the cylinder design dimensions of the Ti-6Al-4V samples
fabricated with EOS M270. The external length and diameter of the cylinder are 18 mm
and 7 mm, respectively. The micro-CT can scan 13 mm length when using 6 µm pixel
size, hence two notches are designed to identify the region containing the test subjects.
Each cylinder contains three 3 mm × 3 mm area inside. These areas are formed with
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different level of hatch spacings. Figure 7.2(b) shows the cylinder samples after the
supports were removed. Figure 7.3 presents the scan pattern for the single layer and
multi-layer builds. For a single layer, X-direction raster scanning is performed, while for
multi-layer, alternate X-Y raster scanning is performed. 33 layers with each layer
thickness of 30 µm were formed to obtain the multi-layer sample.

Figure 7.2 (a) Sample design dimensions and (b) Single layer and multi-layer samples
fabricated by EOS M270.

Figure 7.3 (a) single layer and (b) multi-layer design along with the scan strategies.
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7.3 Results and Discussion
7.3.1 Typical scanning images
The single layer and multilayer samples were scanned using a Bruker 1173 microCT scanner, and the data reconstruction and pore analysis explained in the reference
[106] is performed. Figure 7.4 presents the sectional views of single layer sample formed
with 150 W and 600 mm/s at different hatch spacings. Three areas on top of the base pad
are clearly observed, and the overlap of the track is different for different hatch spacing
conditions. Three regions can be identified from the grayscale image: scanned region
(light gray), powder region (dark gray) and voids (black). The sectional views of multilayers, formed with 175 W and 800 mm/s with different hatch spacing of 86 μm, 100 μm,
and 115 μm, is also shown in Figure 7.4.

Figure 7.4 (a) Coronal (X-Z), (b) Transaxial (X-Y), (c) Sagittal (Z-Y) cross-sectional
views and (d) partial cut-off view of a single layer and multi-layer.
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7.3.2 Single layer experiment results
The single layer surface morphology is shown in Figure 7.5. The surface is
smooth for lower hatch spacing, and the single tracks become more distinct with an
increase in hatch spacing. Figure 7.6 shows the pores formed due to the parameter
settings. The parameters were selected based on single track experiment. The average
number of pores obtained from three 12 mm long single tracks formed with 125 W and
1000 mm/s is only 0.33, that is one pore was observed in one of the tracks, and two of the
tracks did not show any pore. Hence, very few pores are observed in single layer
experiment too, as only the pores which are formed below the surface is analyzed and no
surface pores were analyzed.

Figure 7.5 Surface morphologies due to different hatch spacing at 125 W power and 1000
mm/s scan speed.

Figure 7.6 Pore formed due to different hatch spacing at 125 W power and 1000 mm/s
scan speed.
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Figure 7.7 shows the pore number obtained from single layers formed with
different laser power, scan speed and hatch spacings. Only one sample for each case is
analyzed for single-layer samples. No distinct trend is observed from the single layer
experiment, mostly due to the limited number of pores being formed. 150 W and 600 m/s,
however, resulted in significantly higher number of pores for all hatch spacing compared
to other parameters. This may be due to keyhole regime of melting with these parameters.
When the pore number is higher, a trend can be observed, that is with increasing hatch
spacing, the number of pores mostly decreased. For other cases, hatch spacing did not
seem to affect the number of pores during the single layer formation. Besides, the pores
may also form due to several other factors like powder spatter formation, etc. which have
not been considered in this study.
Higher hatch spacing may lead to lack of fusion pores. Due to the single layer
formation, the lack of fusion pores is difficult to identify based on the surface quality.
Hence, multilayer fabrication is important to investigate the effect of hatch spacing on the
formation of lack of fusion porosity. In addition, 150 W and 600 mm/s case demonstrated
that higher number of pores may show some relationship between hatch spacing and the
porosity level. The multilayer build is expected to form higher number of pores compared
to single layer pores which would help observe the effect of hatch spacing more
evidently.
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Figure 7.7 Pore number formed within single layer with different laser parameters

7.3.3 Multiple layer experiment results
The multilayer part formed are shown in Figure 7.8. The surface with lower hatch
spacing has smoother surface which is due to the re-melting of the curved surface formed
during single track formation. But, with increase in hatch spacing, the re-melting is
insufficient and wavy surfaces are observed. For the hatch spacings greater than track
width, individual tracks are identified. Figure 7.9 shows the pore distribution when 120 %
and 150 % hatch spacings are used. A higher number of pores are observed for higher
hatch spacing compared to the hatch spacing lower than 100%. The increase in porosity
with increase in hatch spacing may be due to the lack of fusion between the tracks. As the
hatch spacing of 150% formed a mesh like structure, due to insufficient bonding between
the tracks, it is not included in the analysis.
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Figure 7.8 Surface morphologies due to different hatch spacing at 125 W power and 1000
mm/s scan speed.

Figure 7.9 Pores formed due to hatch spacing of 122 µm and 152 µm at 125 W and 1000
mm/s.
Figure 7.10 presents the average number of pores formed, and standard deviation
from three replicates, within the multilayer formed with different process parameters. In
general, the pore number decreased with increasing hatch spacing up to 90%, while the
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pore number increased drastically from 90% to 120%. But, for 195 W, the porosity was
minimum when 80% hatch spacing is used. Also, the pore number decreased with
decrease in energy density, that is increase in speed for same power and hatch spacing.
Although lower hatch spacing resulted in smoother surface, the higher overlap resulted in
higher number of pores. When the hatch spacing is lower, the residual heat may affect the
melt pool and at some region keyhole may form resulting to the formation of pores. As
the hatch spacing increased from 90% to 120%, the pore number increased significantly.
This may be primarily due to the insufficient overlap between the tracks leading to the
formation of lack of fusion pores. Figure 7.9 showed that many elongated pores are
formed when 120 % hatch spacing is used except for 150 W and 600 mm/s. This may be
due to the variation in track widths formed during successive scanning compared to the
single track. During the single-track experiment, only one track is formed, while during
the area scanning, residual heat may build up due to successive scanning, leading to
wider tracks.
Among the parameters tested, 150 W and 600 mm/s resulted in significantly
higher number of pores. This is expected as single layer results also show that these
parameters lead to higher number of keyhole pores. However, in this case, 120% hatch
spacing resulted in fewer number of pores compared to lower hatch spacing, unlike all
other set of parameters. Based on the results, porosity can be significantly reduced with
proper selection of process parameters for example, 150 W, 1000 mm/s and 90 % (110
µm) hatch spacing.

132

Figure 7.10 Number of pores formed at different levels of hatch spacing.

The volume equivalent diameter of pores is measured and the summary of the
average, minimum and maximum pore diameter is presented in Figure 7.11. There is
negligible variation in the average, minimum and maximum pore diameter with respect to
hatch spacing for the same power and scan speed. Hence it is observed that the hatch
spacing does not affect the size of the keyhole pores. The average pore size decreased
with increase in speed for same power as observed in the single-track experiment. 150 W
and 1000 mm/s formed negligible or no pore at 80% and 90% hatch spacing. For 150 W,
600 mm/s and 150 W, 800 mm/s, no obvious change in the pore size is observed when
hatch spacing increased from 90% to 120%. But, for 150 W and 1000 mm/s, the average
pore size increased, and the maximum pore size measured is 77 µm. As the hatch spacing
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increased, elongated voids may generate due to the insufficient or no overlap between the
tracks.

Figure 7.11 Average pore diameter formed with 150 W at different scan speed and hatch
spacings.
7.4 Conclusions
In this study, single layer and multilayer samples are fabricated with Ti-6Al-4V
using EOS M270 to investigate the effect of hatch spacing for different combination of
laser power and scan speeds. Three cuboids of 3 mm × 3 mm × 0.99 mm were fabricated
within each cylinder sample, and the cylinder samples were scanned using Skyscan 1173
micro-CT scanner to measure the pores formed within. Five levels of hatch spacing, 60%,
70%, 80%, 90%, and 120% of track widths, were analyzed which led to the following
conclusions.
•

There is no clear effect of hatch spacing on the single-layer build. Less than 10
pores are formed in most of the cases during 3 mm × 3 mm area scanning.
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•

Multilayer porosity results show that the pore number depend on hatch spacing.
The number of pores reduced with increasing hatch spacing up to from 60% to
90%. But the increase in hatch spacing from 90% to 120% introduced lack of
fusion pores which significantly increased the pore number.

•

The hatch spacing of 60% to 90% did not affect the pore size, while the hatch
spacing of 120% introduced lack of fusion pores which increased the average
pore diameter.
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CHAPTER 8 AN INVESTIGATION INTO MELTING MODES IN SELECTIVE
LASER MELTING OF INCONEL 625 POWDER: SINGLE TRACK GEOMETRY
AND POROSITY

8.1 Introduction
Additive manufacturing (AM) is a layer by layer fabrication process which
enables the production of complex geometries. Selective laser melting (SLM) is a powder
bed AM process that uses metal powder as the feedstock material. During the SLM
process, the metal powder is spread over the build platform layer by layer, and the laser is
used to melt the powder particles selectively to form a designed part. SLM process has
been used to produce parts from different materials such as titanium alloy [33, 114], steel
[61, 75, 115], nickel-based alloys [116, 117], etc.
Although the SLM process has shown its freeform capability, the variability
induced by the process itself impedes the establishment of a process standard [118]. The
process variables include powder size distribution, laser power, scan speed, hatch
spacing, layer thickness, ambient pressure, inert atmosphere, etc.[119] Lee et. al [120]
have used a data analytics approach to find the correlation between different parameters
with the melt pool properties such as track width, depth, etc. The results showed that the
depth, width, and the height of the melt pool are physically relevant with the laser
penetration, fluid convection, and fluid properties of melted powders, respectively.
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The single-track studies are mostly used to observe the track morphology and the melt
pool boundary [62, 82, 87]. These studies use a transverse melt pool boundary to
distinguish the conduction mode melting and the keyhole mode melting. The shape of the
melt pool boundary formed in the conduction mode is usually semi-circular, and the
depth is close to the half-width of the track. However, the depth is higher than the halfwidth of the track in the keyhole mode melting [36]. Cunningham et. al [95] used
ultrahigh-speed synchrotron x-ray imaging to quantify the melt pool formation during the
SLM process. Such experiments enable the real-time observation of the development of
vapor depression. The authors concluded that there is a well-defined threshold from
conduction mode to keyhole based on laser power density. Similarly, Martin et.al [121]
studied the dynamics of the pore formation during the SLM process. In-situ X-ray
imaging was utilized to understand the formation of vapor depression, and the effect of
laser power on the depression depth was assessed. The results indicated that under
steady-state scan conditions, the vapor depression increases linearly with the laser power,
and the pores are formed due to the collapse of the keyhole wall. Besides, the formation
of the melt profile and the characteristics of the conduction mode melting and keyhole
mode melting can also be understood through numerical simulations [107].
During the keyhole mode melting, the material evaporation exerts a recoil
pressure, which leads to the formation of a keyhole. The instability in the keyhole walls
may lead to the formation of the pores [85]. Micro-computed tomography (micro-CT)
based studies are performed to characterize pores formed within the single tracks due to
different linear energy densities [106, 122]. The size of the keyhole pores depends on the
process parameter used, and the keyhole porosity increase with the increase in energy
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density. Most of the studies used the energy density, a thermodynamic quantity, to
characterize the single tracks and part quality [84]. But the melt pool characteristics in the
laser material processing depend on the process parameters such as laser power, scan
speed, and beam diameter, and material properties such as surface absorption, thermal
conductivity, and thermal diffusivity [123]. Hence, it is important to include material
properties while analyzing the track property. Hann et. al [89] incorporated the effect of
the material properties and suggested that the weld profiles in the laser welding are
related to the peak enthalpy of the weld pool.
In this study, EOS M270 is used to fabricate the IN625 single track samples and
investigate the effect of linear energy density (LED) on the track property and porosity. A
micro-CT scanner is used to measure and characterize the pores formed with different
LEDs. Besides, the samples are sectioned, polished, and etched to reveal the melt pool
boundary. The effect of LED on the melt pool boundary and the transition of the melting
mode with the change in LED is observed. Also, the effect of power and speed on the
melt pool depth is studied by keeping the LED constant at 0.48 J/mm and 0.75 J/mm.
Again, micro-CT is used to characterize the pores, and metallography is performed to
reveal the melt pool boundary. Moreover, the normalized enthalpy is utilized to
characterize the transition of the melt pool from the conduction mode to the keyhole
mode. Further, the powder scale numerical model is used to investigate the heat transfer
and melt flow behavior at different power and speed combinations from the same LED. A
small-scale model is developed to understand the underlying physics behind the change
of melting mode from conduction to keyhole.
.
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8.2 Experiment Approach
Figure 8.1(a) presents the design and dimensions of hollow cylinder samples. The
cylinder design is implemented to aid the CT scanning. Besides, it is necessary to ensure
adequate X-ray transmission (130 kV source) through the sample. As the density of
IN625 (8440 Kg/m3) is high, the diameter of 3 mm is used in this study to allow proper
transmission. Figure 8.1(b) shows the arrangement of the single tracks on top of the semicylinder base. The 12 mm tracks are formed between the notches, which works as a
reference, and is used to locate the tracks during the CT scanning. The tracks are formed
with a 0.7 mm gap to minimize the effect of denudation from one track to another[69].
EOS M270 is used to fabricate the single-track samples with 40 μm layer thickness in
this study. The tracks are formed with the user parameters, while the hollow cylinder is
fabricated using default EOS M270 parameters. The sample is fabricated in the positive
Z-direction, as shown in Figure 8.1(b). The hollow region is filled with IN625 powder
particles due to the nature of the process, which remains contained inside the cylinder
after fabrication.

Figure 8.1 (a) CAD model of the specimen (unit in mm) and (b) Arrangement of the
single tracks on top of the semi-cylinder base.
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Linear energy density (LED) is the ratio of laser power and scan speed,
𝐽
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The laser power, scan speed, and the corresponding LEDs used in this study are
listed in Table 8.1. In this study, the scan speeds from 200 mm/s to 1200 mm/s is used for
a constant power of 195 W, while the constant speed of 200 mm/s is used for power
ranging from 105 W to 195 W. This design resulted in twelve LEDs ranging from 0.16
J/mm to 0.98 J/mm. Besides obtaining the porosity at different LEDs, it is desired to
observe the variation in the melt pool with the change in speed at constant power and
change of power at a constant speed. Hence, metallography is performed to reveal the
melt pool boundary.
Table 8.1 Process parameters used to investigate energy LED (J/mm) effect
Constant

Variable parameter

Parameter

(LED, J/mm)

195 W

200 mm/s

200 mm/s

400 mm/s

600 mm/s

800 mm/s

1000 mm/s

1200 mm/s

(0.98)

(0.49)

(0.33)

(0.24)

(0.20)

(0.16)

105 W

120 W

135 W

150 W

165 W

180 W

(0.53)

(0.6)

(0.68)

(0.75)

(0.83)

(0.9)

Ti-6Al-4V single track experiment performed with the SLM process showed that
the power has more effect on porosity than the scan speed [106]. However, the
relationship between the parameters and the melt pool boundary was not established. In
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this study, an experiment is designed for IN625 to study the change in the melt pool
depth and porosity with different levels of power and speed from the same LED. The
LEDs and the respective laser power and scan speeds are listed in Table 8.2 and Table
8.3. The LED from conduction mode (0.48 J/mm) and keyhole mode (0.75 J/mm) are
selected to investigate the effect of the power and speed on the porosity. Besides,
metallography is performed to reveal the melt pool boundary of IN625 single tracks
formed on top of the SLM fabricated base [62]. The transverse and longitudinal melt pool
boundary is obtained, and the effect of power and speed within the same LED on the melt
profile characteristics is investigated.
Table 8.2 Process parameters selected from the constant energy density of 0.48 J/mm.
Speed(mm/s) 50 100 150 200 250 300 350 406
Power (W)

24 48

72

96

120 144 168 195

Table 8.3 Process parameters selected from the constant energy density of 0.75 J/mm.
Speed(mm/s) 50 75 100 125 150 175 200 225 250
Power (W)

38 56 75

94

113 131 150 169 188

Figure 8.2(a) shows the cylinder samples attached to the build platform through
the block support. The cylinder samples were separated from the build plate, and the
excess support attached to the sample surface was removed by polishing. Bruker SkyScan
1173 micro-CT scanner, which is shown in Figure 8.2(b), was then used to scan the
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cylinder samples with 6 µm pixel size at 2000 magnification. The rotation step of 0.2o
was used, and 360o scanning was performed to obtain 1800 raw images. The raw images
were reconstructed using standard reconstruction procedures discussed in the literature
[106] and finally analyzed. After the CT scanning is completed, the samples were
sectioned, polished, and etched to reveal the transverse melt profile. The optical
microscope is used to observe the melt pool boundary, and the width and depth of the
single tracks are measured. Besides, the shape of the melt pool boundary is used to
separate between the conduction mode and keyhole mode melting.

Figure 8.2 (a) Cylinder samples fabricated on the build plate, and (b) Bruker 1173 microCT scanner setup.

8.3 Numerical Approach
A powder scale numerical model is developed using FLOW-3D commercial
software. An opensource discrete element method (DEM) package is used to simulate the
spreading of the IN625 powder layer [107], and the powder layer is imported to the
FLOW-3D software to perform the thermo-fluid simulation. Figure 8.3 shows the
simulation domain used in this study. The dimension of the solid substrate is 500 μm ×
300 μm × 250 μm, and a layer of powder is defined on top of the solid substrate. The
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short scan length simulation is performed to analyze the variation in temperature
distribution and laser penetration at a different level of power and scan speed. The scan
length of 250 μm is used, which is sufficient to capture the change in the temperature and
the formation of the keyhole [107].
IN625 material properties are assigned to both powder and solid substrate. The
temperature dependent IN625 material properties used in the simulation are shown in
Figure 8.4. Besides, other properties are listed in Table 8.4. The laser source is modeled
as a gaussian heat source, and complex physics such as laser multiple reflections,
material evaporation, and recoil pressure are included in the model to accurately predict
the laser melting and keyhole formation.

Figure 8.3 Simulation domain used to perform a 250 μm long single-track simulation.
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Figure 8.4 Temperature dependent material properties of Inconel 625[25].

Table 8.4 Properties of In625 in a thermo-fluid simulation.
Parameters
Solidus temperature, TS (K)
Liquidus temperature, TL (K)
Boiling temperature, Tv (K)
Viscosity(kg/m-s)
Surface tension (N/m)
Surface tension gradient (N/m-K)

Values
1563
1623
3188
0.007
1.8
-2E-05

8.4 Results and Discussion
8.4.1 Line energy density effect
The CT scanned cylinder samples are analyzed to obtain the pore number and
pore volume formed inside the single tracks. Figure 8.5(a) shows the 3D image of a
typical cylinder sample obtained after the CT image reconstruction. The grayscale image
is based on the density of the sample. The light gray region is the solid In625, dark gray
contained inside the cylinder is the In625 powder, and the black region represents the
void. A transverse section of the sample is shown in Figure 8.5(b). Three tracks are
identified based on the surface profile, and one of the tracks shows the formation of the
pore inside the track. Besides, the density-based transfer function is modified to remove
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the powder material inside, and the 3D clipping is performed to observe the single track
formed over the base, as shown in Figure 8.5(c). This feature enables the comparison of
the surface morphologies formed with different laser parameters.

Figure 8.5 (a) CT scanned cylinder after reconstruction, (b) Transverse cross section, and
(c) Modification of the transfer function to remove the powder particles and observe the
single tracks.

Figure 8.6 presents the micro-CT image of the keyhole pores formed with 0.98
J/mm (195 W and 200 mm/s) LED along the scan direction. The pores are randomly
distributed, with a huge variation in the size. Besides, due to the deep penetration melting
and nature of the pore formation, the pores are formed deep inside the track. However,
the depth of the single track is not known from micro-CT, although the formation of the
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pore is apparent. Figure 8.6 also shows the 3D rendered pores, which show that the pores
formed are mostly spherical.

Figure 8.6 Pore formed with 0.98 J/mm (195 W and 200 mm/s).

The pores formed inside the single tracks are measured, and Figure 8.7 presents
the average pore number and volume from three replicates for all the investigated LEDs.
The error bar indicates the standard deviation from three replicates of the single tracks. In
general, the single-track porosity increased with the increase in LED, and the maximum
porosity is observed at the LED of 0.90 J/mm (180 W and 200 mm/s). The increase in
porosity is related to the formation of the keyhole due to the increase in energy density.
However, the highest LED of 0.98 J/mm (195 W and 200 mm/s) resulted in a lower
average pore number and volume compared to 0.9 J/mm.
It is also noted that the number and volume of the pores formed with the same
LEDs are smaller for IN625 with 40 μm layer thickness compared to the Ti-6Al-4V with
30 μm layer thickness [106]. The data analytical study showed that the small variation in
the layer thickness has minimal effect on the melt pool depth [9]. Hence, such a
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difference in the pore number and pore volume may be due to the difference in the
thermal properties between the two materials. This difference in the melt pool
characteristics between different materials shows the importance of including the material
properties while establishing the relationship between energy density and melting modes.

Figure 8.7 Pore volume and pore number from different LEDs.

The average diameter and depth of the pores are also a function of LED. The
average pore depth and the standard deviation of the pores formed at different LEDs are
shown in Figure 8.8. The average depth of the pores increased with the increase in LED,
which may be due to the increase in keyhole depth formed with increasing LEDs.
Besides, the average pore size also increased with an increase in LED. The increase in the
size may be related to the size of the vapor opening, which is bigger at higher LED [107].
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Figure 8.8 Average pore diameter and depth

The pore depth measurements suggested that deeper melt pools are formed with
higher LEDs. Hence, the single-track samples are cut in the middle of the track to obtain
the transverse melt pool boundaries and differentiate different melting modes. The
samples are polished and then etched with modified Kalling’s reagent (40 ml distilled
water + 480 ml HCl + 48 mg Cucl2) to reveal the melt pool boundary. Figure 8.9 shows
the transverse melt pool boundary formed with different LEDs. The depth of the melt
pool increased with the increase in LED. For the same power, the width and depth of the
melt pool decreased with an increase in speed due to the decrease in the interaction time.
However, for the same speed, the depth increased with an increase in power due to the
increase in the laser penetration.
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Figure 8.9 Transverse melt profile from different LEDs.

The width and the depth of the single tracks are measured from the transverse
profile. Figure 8.10 shows the measurement approach of the track width and depth and
the relationship between LED and track width and depth. The track width and depth
increased with increasing LED. However, the increase in depth is significant compared to
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the width. The width of the track is higher than the depth for all the conduction mode
melting, while the depth is higher than the width for the deep keyhole mode melting. A
second-order polynomial curve is fitted to both depth and width, which shows that the
depth is increasing almost linearly with LED. However, the width of the track increased
with an increase in LED within conduction mode but did not show an obvious increase
within the keyhole regime. The maximum width of the track may be limited by the beam
diameter and increasing the energy density with the same beam diameter may increase
the depth rather than width after reaching a certain limit. There are some cases where the
higher LED resulted in the shallower melt pool. The LED of 0.53 J/mm (105 W and 200
mm/s) resulted in the depth lower than 0.49 J/mm (195 W and 400 mm/s). This behavior
may be due to the significant difference in the power between the two LEDs. However,
the LED of 0.98 J/mm (195 and 200 mm/s) also resulted in shallower melt pool compared
to the LED of 0.90 J/mm (180 W and 200 mm/s), although 0.98 J/mm had a higher
power. Such anomaly may be due to the variation in the melt pool depth during the
keyhole melting [36]. The longitudinal metallography should be performed to obtain the
variation in depth along the laser travel direction.

Figure 8.10 Track width and depth measured from the transverse profile of different
LEDs.
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8.4.2 Effect of power and speed at the same energy density
The Ti-6Al-4V experiment showed that the pore number and pore volume
increased with the increase in power and speed at the same energy density to a certain
level and then dropped with a further increase in power and speed [19]. In this study 0.48
J/mm and 0.75 J/mm LED are selected, and the average pore number and pore volume
from three replicates are shown in Figure 8.11. The LED of 0.48 J/mm resulted in fewer
pores compared to the 0.75 J/mm. Besides, the porosity increased with an increase in
power for both LEDs. However, the porosity was not maximum for the highest power.
The numerical study showed that the formation of the keyhole pores is due to instabilities
in the keyhole wall because of the interaction between surface tension pressure and recoil
pressure [17]. Within the keyhole mode at the same energy density, the increase in power
would increase the radius of the vapor opening. At a certain point, the instability between
the surface tension and vapor opening leads to the formation of many the pores due to the
collapse of the keyhole wall. However, with further increase in the power, the keyhole
opening is large enough so that the surface tension pressure is unable to close the keyhole
wall, leading to a stable keyhole. This reduces the chance of the pore formation. Besides,
the mode of melting changed from incomplete to conduction and finally to keyhole with
increasing power and speed, while keeping the LED as constant.
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Figure 8.11 Pore volume and pore number from different power and speed when (a) LED
= 0.48 J/mm and (b) LED = 0.75 J/mm.

The surface morphology and the respective transverse melt profile of the single
tracks formed with different levels of power and scan speed from LED of 0.48 J/mm are
shown in Figure 8.12. At low power and low speed (24 W and 50 mm/s), the
discontinuous track is formed. The discontinuity corresponds to the insufficient melting,
which is usually the case with very low LEDs. In this case, even if the LED is high, the
power is very low. Hence, the low power resulted in the lower melt pool temperature, and
consequently, the laser penetration was insufficient to form a continuous single track. The
increase in power and speed led to the formation of continuous tracks. The melt pool
depth slowly increased within the conduction modes from 48 W and 100 mm/s to 96 W
and 200 mm/s. However, there is a sudden increase in the depth when the laser power
increased to 120 W, suggesting the keyhole mode melting. Figure 8.12 shows a clear
transition from the incomplete melting to the conduction melting and finally to the
keyhole melting with an increase in the laser power and scan speed at the same energy
density. Although the depth of the melt pool increased with increasing power and speed,
the average volume and number of pores were not maximum for the maximum speed and
power used. This shows that the porosity is not directly related to the depth of the
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keyhole, rather its occurrence depends on the stability of the keyhole formed, during the
melting process. Besides the depth of the melt pool, the width of the track also increased
with an increase in the power and speed from incomplete melting to the keyhole melting.
However, the track width did not show an obvious increase with the increase in power
within the keyhole mode, which is consistent with the result obtained in the LED effect
study discussed in the previous section.

Figure 8.12 Transverse melt profile obtained from LED=0.48 J/mm single tracks.

Figure 8.12 clearly shows that the melt pool characteristic is not the function of
the linear energy density. As the melt pool depth depends on the power, speed, and the
material properties, the normalized enthalpy is used for better representation of the data
[89]. The calibrated normalized enthalpy shown in equation 1 is used [36],
∆𝐻
ℎ𝑠

=

𝐴𝑃
𝜋ℎ𝑠 √𝐷𝑢𝜎3
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(8.2)

where, ∆H is the specific enthalpy, hs is the enthalpy at melting, A is the absorptivity, P is
the laser power, D is the thermal diffusivity, u is the laser speed and σ is the Gaussian
beam size. The melt pool depth is the function of normalized enthalpy; therefore,
normalized depth may be written as,
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑑𝑒𝑝𝑡ℎ = 𝑓𝑛(

𝐴𝑃
𝜋ℎ𝑠 √𝐷𝑢𝜎3

).

(8.3)

The dimensionless depth normalized to the Gaussian beam size is plotted against
the normalized enthalpy as shown in Figure 8.13. As the depth to half-width ratio is used
to distinguish the keyhole melting and the conduction melting, it is also included in
Figure 8.13. Generally, the normalized depth and the depth to half-width ratio increased
with increasing enthalpy. However, there are certain cases where higher enthalpy resulted
in lower depths.
The transverse depth is used to assess the effect of enthalpy on the depth.
However, it is important to note that the depth would change along the longitudinal
direction and the melt pool profile taken at a single transverse direction may sometimes
lead to dubious comparisons. Hence, a longitudinal melt profile is obtained through
metallography. Figure 8.14 presents the two examples of the longitudinal melt pool
boundaries obtained with 0.48 J/mm (120 W, 250 mm/s and 144 W, 300mm/s), and two
with 0.75 J/mm (131 W, 175 mm/s and 150 W, 200mm/s). The variation in the depth
along the scan direction is evident from the longitudinal melt pool boundary. Moreover,
the depth of the melt pool for 144 W is higher than that of 120 W. The depth measured
from the transverse profile is 108 µm, and the range of the depth measured from the
longitudinal profile is 88 µm to 175 µm. The depth of the transverse melt pool would,
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therefore, change according to the location. The range of the depths obtained for different
cases is included as an error bar in Figure 8.13. The longitudinal profiles of 0.75 J/mm
show that the keyhole pores are usually formed at the bottom of the melt pool.
Based on the depth to width ratio, the conduction mode melting occurred up to 96
W and 200 mm/s, which corresponded to the normalized enthalpy of 5.5. As the power
and speed increased to 120 W and 250 mm/s, the depth to half-width ratio is greater than
1, suggesting a formation of a keyhole, and the corresponding enthalpy is around 6. In
this case, the transition from the conduction to the keyhole mode melting is observed to
be around ΔH/hs = 6. Two lines are drawn to distinguish the keyhole modes based on the
normalized depth and the depth to width ratios. The horizontal line is drawn for a depth
ratio of 1, which would separate the keyhole parameters based on the depth to half-width
ratio. The vertical line separates the keyhole parameters based on the normalized
enthalpy. The use of enthalpy as a design parameter is, therefore, a simple approach to
identify the process parameters as the keyhole or the conduction parameters. The
frequency of the pore formation is lower for 131 W, hence resulted in the fewer pore
number compared to the 150 W power.

Figure 8.13 The effect of normalized enthalpy on the non-dimensional depth and depth to
width ratio.

155

Figure 8.14 Longitudinal melt profile obtained from LED=0.48 J/mm and 0.75 J/mm
single tracks.

As the power has more effect on the depth than the speed, it is expected to have
differences in the depth with the change in the level of power and speed, even if the LED
is kept constant. Besides, laser power has more effect on the peak temperature of the melt
pool during the SLM process, and the temperature increases with an increase in power
[106]. Numerical models may be used to predict the real-time temperature and flow of
the melt pool, which determines the shape of the melt pool boundary. Hence, a microscale numerical model is developed to predict the melt pool formation with different
levels of power and speed.
Figure 8.15 shows the temperature distribution along the longitudinal direction
when the laser has traveled 100 µm, 150 µm, 200 µm, and 250 µm. At low power and
speed (48 W and 100 mm/s and 72 W and 150 mm/s), the melting occurs purely by
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conduction. The heat absorbed by the free surface exposed to the laser is diffused to the
substrate, which melts the material beneath, forming a shallow melt pool. The
temperature profile shows that some region exceeds the evaporation temperature,
however, the material evaporation is not enough to generate the recoil pressure to form a
depression. The melt pool formed by the pure conduction is very shallow, with the depth
to width ratio being well below 1. For the laser power of 92 W, a depression is formed,
leading to a deeper melt pool. However, it is not regarded as the keyhole mode melting in
this study as the depth to half-width ratio about 1. The vapor opening has a larger
diameter and remains open all the time, hence the possibility of the pore formation due to
the collapse of the vapor opening is minimal. When the power is increased to 120 W, the
region with a temperature greater than the evaporation temperature is very high, and the
material evaporation exerts the recoil pressure forming a keyhole. Hence, the shape of the
transverse profile is determined by the shape of the keyhole. As the temperature exceeds
the evaporation temperature, there is a significant increase in the recoil pressure, due to
the exponential relationship [86]:
𝑃𝑟𝑒𝑐𝑜𝑖𝑙 = 0.54𝑃0 exp (

𝛥𝐻𝑣 (𝑇−𝑇𝑣 )
𝑅𝑇𝑇𝑣

)

(8.4)

where 𝑃0 is the atmospheric pressure, 𝛥𝐻𝑣 is the specific enthalpy of metal vapor, 𝑇𝑣 is
the boiling temperature, T is the surface temperature and R is the universal gas constant.
The vapor opening is smaller in 144 W and 300 mm/s compared to 120 W and
250 m/s. This may lead to the instabilities within the keyhole, inducing the pore
formation. The simulation predicted depths are close to the experimental depths. Figure
8.16 compares the depth to the half-width ratio predicted by the simulation with the
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experiment. The simulation depth to the half-width ratio increased linearly with the
increase in the normalized enthalpy. The study shows that the small-scale simulation may
be used to predict different modes of melting, which is also able to hint at the possible
instabilities in the keyhole.

Figure 8.15 Temperature profile and the melt pool shape when laser has travelled 100
µm, 150 µm, 200 µm and 250 µm (LED =0.48 J/mm).

Figure 8.16 Figure 16. Depth to half width ratio comparison between simulation and
experiment with LED = 0.48 J/mm.
158

8.5 Conclusions
The melting modes in the SLM process depend on the process parameters. Hence,
the effect of LED on the melting modes and keyhole porosity is investigated in this study.
EOS M270 is used to fabricate Inconel 625 single tracks with different levels of LEDs,
ranging from 0.16 J/mm to 0.98 J/mm. The pores formed inside the single tracks were
measured with a micro-CT scanner, and metallography was conducted to obtain the
transverse melt profile. Besides, the effect of different levels of power and speed under
the two LEDs, 0.48 J/mm, and 0.75 J/mm, is investigated. The results and analyses lead
to the following conclusions:
•

The mode of melting progressed from conduction to keyhole with increasing

LED. The depth of the keyhole and the keyhole porosity generally increased with
increasing LED. However, the maximum porosity was obtained at 0.90 J/mm (180 W,
200 mm/s) instead of the highest LED investigated, i.e., 0.98 J/mm (195 W, 200 mm/s).
•

The mode of melting progressed from incomplete melting to conduction melting,

and finally to keyhole melting with an increase in the laser power and scan speed at the
same LED. Besides, the depth of the melt pool increased consistently with the increase in
laser power. However, the keyhole porosity did not increase with an increase in the melt
pool depth, instead, the keyhole porosity increased to a certain level and then decreased
with further increase in laser power.
•

The numerical results show that the increase in the melt pool depth is due to the

increase in the melt pool temperature and the vapor pressure. Besides, there is a
significant increase in penetration with a small increase in laser power due to the
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exponential relationship between the recoil pressure and the surface temperature. The
vapor opening in the conduction mode is stable, and the instability in the keyhole
becomes evident with an increase in the depth of the keyhole.
•

LED may not be used as a sole parameter to distinguish the mode of melting as

the laser power has a greater effect on melt pool depth than the scan speed. Normalized
enthalpy, which includes process parameters as well as material properties, may be more
appropriate to explain the shifting from conduction to keyhole mode melting.
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CHAPTER 9 A STUDY OF TRANSIENT AND STEADY-STATE REGIONS FROM
SINGLE-TRACK DEPOSITION IN LASER POWDER BED FUSION

9.1 Introduction
Laser powder bed fusion (L-PBF) is a powder bed additive manufacturing (AM)
process that uses a laser to melt the powder layers selectively. The laser moves back and
forth to form a layer, and the process is continued layer upon layer until a desired 3D part
is produced. As a line scan is the basis of the SLM process, the effect of process
parameters on its characteristics should be thoroughly investigated. In this regard, singletrack experiments have been performed with different materials like stainless steel grade
316L [82], IN625 [62], Ti-6Al-4V [87, 107], AlSi10Mg [70], etc.
The single-track experiments can help reduce the number of multiple layer
experiments required to obtain the optimum process parameters. Knowing about the
formation process of the single tracks, and their geometrical dimensions depending on the
available powder would help obtain higher energy and powder efficiency [112].
Yadroitsev et al. [82] emphasized the significance of single-track experiments in the LPBF process. The single tracks from metal powders showed the stability and instability
zones. The instabilities may appear at low scanning speed in the form of distortions or
irregularities and at high-speed in the form of balling. Li et al. [61] characterized the
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balling formation in stainless steel and pure nickel powder and divided the balling into
two types: ellipsoidal balls and spherical balls. Mathews et al. observed the denudation of
metal powders near the laser scan path, which depend on laser parameters and ambient
gas pressure [69]. Such a phenomenon would deplete the metal powders in the zone
immediately surrounding the solidified track. Gunenthiram et. al [124] captured a highspeed video to analyze the formation of dynamic instabilities of the melt pool. The video
and postmortem of the bead and powder bed explained the microparticles and macro
spatters formation, and powder denudation effects. The authors concluded that the
vaporization effects located near the laser-melt-pool interaction are the main driving
force for most of these phenomena. Bidare et al. [125] used high-speed imaging and
schlieren imaging to study the effects of interaction between the laser beam and the
powder bed. The change in laser power and scan speed shifted the laser plume
inclination, which resulted in different denudation regimes. It is also important to
understand the formation of vapor depression during the laser-metal interaction. Hence,
Cunningham et. al [95] used ultrahigh-speed synchrotron x-ray imaging to observe and
quantify the vapor depression formed during the LPBF process. A clear transition from
the conduction mode melting to keyhole mode melting was observed with an increase in
the energy density. These studies show the complexity of the laser-material interaction
during the L-PBF process. Nonetheless, the single track formed can be sub-divided into
three regions: initial transient region during laser turn on, quasi-steady-state, and final
transient region during laser turn off [84].
Numerical modeling is an important tool to understand the heat and mass transfer
during laser-material interaction. For the single-track study, it is important to incorporate
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the powder particle distribution as it would affect the laser absorption and fluid flow [64].
Besides, different process physics such as thermo-capillary effect, recoil pressure, laser
reflections, and absorption, etc. are important to accurately predict the melt pool.
Khairallah et. al [64] developed a multi-physics model to predict heat transfer, fluid flow,
and pore formation during single track formation. They emphasized the importance of
including the Marangoni effect, recoil pressure to predict the surface formation.
Panwisawas et. al [63] developed a numerical model to observe the changes in the
thermal-fluid flow at different layers, and Shrestha and Chou [107] developed a
numerical model to understand the physics behind the keyhole pore formation. These
studies helped understand the process in detail which was difficult through
experimentation alone. However, such high-fidelity models are computationally intensive
and are limited to short-length simulation. It is observed that there is a huge variation in
track width and bead height due to the transient nature at the beginning and end of the
laser scan [84].
Bertoli et. al [84] explained that the transverse track geometry depends greatly on
the location of the cross-section along the track. Besides, the height profile shows the
bump in the initial transient region, and at the laser turn off point the height profile slopes
downward with the increasing position. Moreover, the average height of the single track
may be significantly higher than the layer thickness [103]. Such characteristics of the
single tracks may increase the surface roughness and lead to mechanical interaction
between the part and recoater blade during the powder spreading process, which is
undesirable. The objective of this study is to observe and understand the formation of the
transient and steady state region during the single-track scanning. For this purpose, 1 mm
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and 2 mm single tracks are fabricated using IN625, and the surface profiles of the single
tracks are measured with the white light interferometer. The transient and steady-state
zones are separated based on the track width and height. Besides, longitudinal
metallography is performed to determine the relationship between different zones and the
melt pool depth. In addition, a powder scale numerical model is developed to understand
the physics that leads to the formation of the transient and steady-state regions during the
single-track fabrication.

9.2 Experiment Approach
In this study, EOS M270 is used to fabricate 1 mm, 1.5 mm, and 2 mm long
IN625 single tracks with 195 W laser power and scan speeds of 400 mm/s, and 800
mm/s. The layer thickness of 40 μm is used, and the single tracks are formed on top of
the semi-cylinder base. The single tracks are formed 5.6 mm above the build plate, which
include 3.1 mm support and 2.5 mm semi-cylinder radius. Figure 9.1 shows the top view
of the single tracks. The single tracks are fabricated with the user parameters, while the
semi-cylinder base is fabricated using the default EOS parameters. Besides, the
skywriting setting is enabled to ensure that the acceleration and deceleration of the laser
occur outside of the scan track, and constant speed is maintained during the single-track
formation.
The track profiles are measured using a white light interferometer and the
transient and steady regions are separated based on the track width and height. Besides,
the metallography is performed to obtain the longitudinal melt pool boundary at the
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center of the track and observe the variation in the depth at the transient and steady
region.

Figure 9.1 Single tracks fabricated on top of the semi-cylinder base.

9.3 Numerical Approach
9.3.1 Discrete element method
An opensource discrete element method (DEM) code called LIGGGHTS is used
to simulate the powder spreading process and obtain a layer of powder [107]. During the
powder spreading process, it is important to include the cohesion energy density of the
particles [126]. However, the IN625 powder cohesion energy has not been studied before.
Hence, a flowmeter setup is designed based on the literature [126] to calibrate the
cohesion energy density for IN625. The design of the miniature flowmeter and the
experimental setup is shown in Fig. 2. The setup consists of three major components: the
flowmeter, a manual precision linear translation stage, and a 2.5 mm diameter base. The
flowmeter is attached to the linear stage and is initially kept in contact with the base. As
the contact between the flowmeter and base prevents the outward flow of the powder,
IN625 powder particles are poured into the flowmeter. After the flowmeter is filled with
the IN625 powder, the linear stage is moved in a positive Z-direction, that is away from
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the base. The powder flows out the flowmeter and collects at the stationary base as shown
in Figure 9.2. The process is continued until the powder overflows. Finally, the angle of
repose is measured from the powder settled on top of the cylinder base. Figure 9.3(a)
shows the measurement of the angle of repose from the experiment. The experiment is
repeated for 5 times to measure the repeatability of the angle of repose. The angle of
repose is within 47±3o based on all the measurements and accounting for the
measurement uncertainty.
The powder size distribution used in the experiment is used in the simulation to
calibrate the DEM model. Discrete powder size distribution between 18 μm and 48 μm is
considered in the simulation. The angle of response during the flowmeter experiment is
used as the calibration parameter. The flowmeter design with the same dimension is
modeled to perform the DEM simulation. A modified simplified Johnson-KendallRoberts (SJKR2) cohesion contact model is used to include the cohesion effect. The
SJKR2 model adds the normal force contribution when the particles are in contact.
F=kA

(9.1)

where, k is the cohesion energy density in J/m3, and A is the particle-particle contact area.
The cohesion energy density of 106 J/m3 resulted in approximately 47o angle of repose in
the simulation as shown in Figure 9.3(b). Besides the cohesion energy density, other
properties used in the simulation are listed in Table 9.1.
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Figure 9.2 Design and dimensions of the miniature flowmeter and the setup used to
obtain the angle of repose.

Figure 9.3 (a) Experiment and of repose used to calibrate cohesion energy density in (b)
DEM simulation.

Table 9.1 . Inconel 625 properties for DEM simulation.
Parameters
Density (Kg/m3)
Modulus of Elasticity (GPa)
Poisson’s ratio
Coefficient of restitution
Sliding friction coefficient
Rolling friction coefficient

Values
8440
200
0.3
0.5
0.5
0.1

Figure 9.4 shows the simulation domain used to simulate the powder spreading
process. The powder size distribution used in the calibration of cohesion energy density
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are generated based on the volume ratio and dropped into the dispenser platform. After
the desired volume of particles is generated, the particles are let to settle on the dispenser
container. Once settled, the dispenser platform is moved upwards towards the recoater
blade. Finally, the recoater is moved to spread a layer of powder over the build platform
as shown in Figure 9.4. In this study, the gap distance of 80 µm is used considering the
increase in the actual powder layer thickness after certain layers during the L-PBF
process [127].

Figure 9.4 DEM setup to spread a layer of powder.

9.3.2 Powder scale thermo-fluid model
FLOW-3D commercial simulation software is used to develop a high-fidelity
numerical model. Figure 9.5 shows the simulation domain used in this study. The powder
layer obtained from the DEM simulation is defined over the solid substrate. The volume
of fluid (VOF) method is used to track the free surface, and the materials are
distinguished based on the fluid fraction. The solid substrate and powder have a fluid
fraction of 1, and the inert gas region over the powder has a fluid fraction of 0. Material
properties of IN625 are assigned to the regions with a fluid fraction of 1, which is powder
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and solid substrate. The temperature-dependent material properties of IN625 used in the
simulation are shown in Figure 9.6, and other properties are listed in Table 2. The
boundary conditions such as the laser profile at the free surface, pressure boundary
conditions at the fluid interface, etc. have been discussed in the previous study [4].
Single tracks with scan lengths of 1 mm and 2 mm are simulated using laser
power of 195 W and scan speeds of 400 mm/s and 800 mm/s. The laser scan is started
from 0.25 mm in X-direction, which continues up to 1.25 mm for a 1 mm track and up to
2.25 mm for a 2 mm track. The depth of the substrate is increased from 0.2 mm to 0.3
mm for 195, 400 mm/s due to an increase in the energy density. Hence, the domain size
used for 195, 400 mm/s is 2.5 mm × 0.4 mm × 0.42 mm.

Figure 9.5 Simulation domain used for 195 W and 800 mm/s.

Figure 9.6 Temperature dependent material properties of Inconel 625[18].
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Table 9.2 Properties of In625 used in a thermo-fluid simulation.
Parameters
Solidus temperature, TS (K)
Liquidus temperature, TL (K)
Boiling temperature, Tv (K)
Viscosity(kg/m-s)
Surface tension (N/m)
Surface tension gradient (N/m-K)

Values
1563
1623
3188
0.007
1.8
-2E-05

9.4 Results and Discussion
9.4.1 Experimental results
White light interferometer
Figure 9.7(a) presents the surface morphology of the single-track formed with 195
W and 800 mm/s. At the start of the scan, a wider track with bump is noticed. The
longitudinal (X) profile in Figure 9.7(b) shows that the height of the track decreased
along the scan direction. The higher track at the start may be due to the strong backflow
of the melt pool. Besides, the maximum height of the bead is around 100 µm which is
significantly higher compared to the layer thickness of 40 µm. Such an increase in height
may be due to the movement of the neighbor powder particles into the melt pool [69].
Moreover, the actual layer thickness is 4-5 times the defined layer thickness due to the
inherent shrinkage of the previous layers and the powder dynamics [127]. Besides, the
end of the track has powder particles attached to it, which increases the surface height in
the longitudinal profile shown in Figure 9.7(b).
The transverse surface (Y) profile, which is shown in Figure 9.7(b), can be used
to measure the width of the track. The width of the track is around 150 μm from the
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obtained profile. However, there is a huge variation in the width along the track. Hence,
the formation of the steady region is not evident with the 1 mm long track, which
suggested that the longer scan lengths need to be analyzed. Therefore, the surface profile
of a 2 mm track is obtained to observe the transition from a transient zone to a steady
zone.

Figure 9.7 (a) Surface profile, and (b) longitudinal and transverse 2D profile of 1 mm
single track formed with 195 W and 800 mm/s.

Figure 9.8 presents the surface morphology of a 2 mm track formed with 195 W,
800 mm/s, and the 2D longitudinal profile. Three zones may be identified based on the
width of the track. The initial transient region is wider and has a higher variation in track
width, the steady-state region has almost constant track width, while the final transient
region has a decreasing track width. Although the regions are identified based on the
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track width, the 2D profile shows that the regions may not be separated based on the
surface height. The height of the track decreased gradually along the scan direction.

Figure 9.8 2 mm single track surface profile and longitudinal 2D profile formed with 195
W and 800 mm/s showing three zones.

Figure 9.9(a) shows the surface morphology of a 1 mm long single-track formed
with 195 W and 400 mm/s. The track width gradually decreased from the beginning of
the scan to the end as observed for the single track formed with 195 W and 800 mm/s.
Figure 9.9(b) presents the longitudinal (X profile) and transverse (Y profile) taken at the
line shown in Figure 9.9(a), which again showed the similarity to the 195 W, 800 mm/s
case too. However, the track width is higher in this case (180 μm) due to the increase in
energy density. Again, it is apparent that the melt pool did not reach the steady state
during a 1 mm scan.
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Figure 9.9 (a) Surface profile, and (b) longitudinal and transverse 2D profile of 1 mm
single track formed with 195 W and 400 mm/s.

Figure 9.10 exhibits the surface morphology of a 2 mm long single track along
with the 2D longitudinal profile. In this case, a steady region is observed, and two parallel
white dash lines are drawn on the top view based on the central steady region. These lines
help to identify the transient zones, and the single track is divided into three regions
based on the track width. The initial transient state is defined where a bump is formed,
and the track width is higher compared to other regions. A middle steady-state is the
region where the height and width are more consistent. Finally, at the end of the track,
where the laser turns off, the bead height is very small along with a tapered melt profile.
It is difficult to establish distinctive criteria to separate the three zones, although the
existence of transient and steady-state zones is obvious. Hence, an approximation is made
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to separate the three zones, and the approximate transient length at the beginning is
approximately 400 µm.
As in all other cases, the powder particles are observed at the end of the track.
During the laser melting, the induced flow of the ambient gas entrains the powder
particles towards the melt pool[125]. During the laser turn off, the consolidated powder
particles may get adhered to the solidifying melt pool. Besides the end of the track,
powder particles are also observed in the other regions.

Figure 9.10 2 mm single track surface profile formed with 195 W and 400 mm/s showing
three zones.

Metallography
WLI results showed the presence of transient regions at the beginning and end of
the tracks. It is desired to know the effect of transient behavior on the melt pool depth.
Hence, the metallography is performed to obtain the longitudinal melt pool boundary.
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The longitudinal micrograph of a 1 mm single track formed with 195 W and 800 mm/s is
shown in Figure 9.11. The depth varied from 60 µm to 105 µm, with the maximum depth
being at the initial region. The single tracks are formed over the LPBF fabricated base.
Hence, the variation in the surface, over which the single track is fabricated, may amplify
the variation in the depth of the melt pool. The longitudinal section showed that the initial
region has higher bead height and deeper melt pool in this case. However, there is no
distinct effect of the transient region on the melt pool depth.

Figure 9.11 Longitudinal melt profile obtained with 195 W and 800 mm/s.

Figure 9.12 shows the longitudinal melt pool boundary of a 1 mm single track
formed with 195 W and 400 mm/s. The variation in the depth is not significant compared
to the depth in this case even though there is a huge variation in the surface profile.
Besides, the initial region did not have a higher melt pool depth compared to other
regions. Again, the single tracks are formed on top of the base formed with the L-PBF
process as well, and the surface variation would affect the laser penetration during a
single-track formation. In addition, a pore is formed at the beginning of the scan for both
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tracks. The metallography results obtained from 400 mm/s and 800 mm/s scan speeds
indicated that the transient behavior of the melt pool did not affect the melt pool depth.

Figure 9.12 Longitudinal melt profile obtained with 195 W and 400 mm/s.

9.4.2 Numerical Results
The experimental results showed the presence of transient zones at the beginning
and end of the scan and the steady-state zone in between the two transient zones.
However, the underlying physics leading to such behavior is not understood with postexperimental analysis. The heat and mass transfer during the single-track scanning would
drive the formation of transient regions. Hence, a high-fidelity material-based model is
developed to understand the formation of transient and steady-state regions. The laser
power of 195 W with scan speeds of 400 mm/s and 800 mm/s are used to predict the
single-track formation during the L-PBF process and understand the physics behind the
formation of transient and steady regions.
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Conduction mode
During the L-PBF process, the powder bed is scanned with laser. The powder
particles and the substrate beneath the powder layer absorb the energy from the laser and
immediately melts forming a melt pool. Figure 9.13 shows the development of the melt
pool as the laser moves in a straight line. Before the laser scan, the powder bed is at the
preheat temperature of 353 K. As the laser turns on and starts melting the powder
particles and the substrate, the temperature gradient around the melt pool is maximum
due to the lower surrounding temperature. The melt flow occurs outward and backward
because of the coupled effect of Marangoni flow and the recoil pressure. The recoil
pressure pushes the melt pool out of the laser scan region, forming a depression, and the
melt pool flows from higher temperature to lower temperature due to the negative surface
tension gradient. In addition, the thermal conductivity of the powder and solid is lower
when the laser first strikes the powder bed, which may lead to a wider melt pool at the
beginning of the scan. As the laser travels, the thermal gradient becomes steady and the
outward flow is lower compared to the beginning of the scan. This difference in flow
behavior leads to the differences in the track width.
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Figure 9.13 Melt flow during the single-track scanning process.

Figure 9.14 (a) presents the top view of the melt region, which shows a gradual
decrease in the track width along the scan direction. As the melt pool length is in the
range of 1 mm, a steady-state region is not identified from the 1 mm scan length
simulation. The top profile at the substrate level is extracted from the simulation and the
melt profile is compared with the experiment in Figure 9.14(b). The simulation can
predict the melt profile trend during a 1 mm simulation. As the shape of the melt pool has
a narrow region in the laser application area, the end of the scan, where the laser turns
off, has a tapered profile. The transient behavior of the single-track at the beginning and
end of the scan track is due to the inherent heat and mass transfer characteristics during
the L-PBF process.
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It is important to note the limitations of the simulation to predict the formation of
the bead. The L-PBF process involves powder dynamics that highly affects the formation
of the surface profile, which is not included in the simulation. Rather, the powder
particles are fixed and do not flow due to the pressure difference generated in the melt
pool and surrounding during the melting process.

Figure 9.14 (a) Top view of the melt profile formed with 195 W and 800 mm/s and (b)
Track profile compared at the free surface between experimental and simulation.

Figure 9.15 shows the top view of the melt region obtained for a 2 mm scan
length with 195 W and 800 mm/s. In this case, three regions are distinctly identified. The
transient region during the laser turn-on shows higher widths compared to the steadystate region and the laser turn off region has the smaller melt pool width. Two parallel
lines are drawn based on the steady region, which shows that the transient length at the
beginning of the scan is approximately 400 µm.
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Figure 9.15 Top melt profile obtained for 2 mm simulation with 195 W and 800 mm/s.

Figure 9.16 illustrates the formation of the single track shown in Fig. 15 by
presenting the temperature contour and melt pool formed at the interface between the
substrate and powder. The powder and the substrate are maintained at 353 K initially. As
the powder absorbs the laser energy, the temperature of the particles increases. The heat
is then transferred to the surrounding particles and substrate through heat diffusion. A
bigger melt region may form at the laser turn-on region due to the higher thermal gradient
at the beginning and lower thermal conductivity of the surrounding. As the melting
progresses, the recoil pressure created a depression zone within the melt pool, with most
of the materials being pushed backward. This transport of material from the laser applied
zone to the back of the melt pool would form an elevation region.
Figure 9.16 shows seven isotherms with temperatures ranging from melting
temperature to the evaporation temperature. At the start of the scan, the distance between
the isotherms are very similar, and the isotherms are elliptical. The distance between the
successive isotherms’ changes as the laser travels further. After some time, the isotherms
have more pointed end at the solidifying region, which signals the formation of fully
developed melt pool. The melt pool shape of the melt pool and the isotherms are
consistent after the melt pool is fully developed. As the melt pool fully develops, the
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variation in the width of the melt pool is minimized. The melt pool stabilizes as the
temperature gradient becomes steady. This region is defined as the steady-state zone. The
shallow region is obtained at the end of the track when the laser turns off, since the melt
flow is backward. Hence, the numerical simulation showed that the transient length at the
beginning of the track may depend upon the material property, laser parameters, and the
bed temperature. Moreover, the melt pool is narrower at the laser application area, and
top view shows that the laser application area has semi-lemniscate shape. Hence, the
track width decreases at the end transient region.

Figure 9.16 Development of melt pool: 2D temperature contours obtained at the interface
between substrate and powder.
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Besides the top view, the transverse profile is compared. Figure 9.17 shows the
experimental result and the simulation result. The transverse melt pool boundary is a
function of the location as the longitudinal melt pool boundary showed huge variation in
depth for 195 W and 800 mm/s. The specific 2D metallographic imaged used for the
comparison shows the track width of 134 µm and depth of 70.5 µm while the simulation
predicted the track width and depth of 140 µm and 65 µm. The numerical model was not
able to predict the depth variation along the longitudinal direction. One of the reasons
may be the surface on which the powder is spread is flat in simulation. In the experiment,
as the single track is formed on top of the previously deposition layer, there may be some
variation in the surface and the powder which may incur inconsistency in the track depth.
In addition, the single-track bead height is larger than the layer thickness used due to the
added mass as a result of the powder influx to the melt pool from the neighbor, which is
not captured by the simulation. In contrast to the experiment, the bead height in the
simulation is lower than the layer thickness due to the shrinkage.

Figure 9.17 Transverse melt profile obtained for experiment and simulation with 195 W
and 800 mm/s.
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Keyhole mode
The single-track experiment results with 195 W and 400 mm/s showed that
keyhole is formed with this parameter. The simulation is carried out to predict the
formation of 1 mm and 2 mm scan length. Figure 9.18 shows a comparison between the
top profile between experiment and simulation. With the same power of 195 W and lower
speed, the top profile showed less variation from the beginning of the track to the end,
although the track width decreased along the laser travel direction.

Figure 9.18 Track profile compared at the free surface between experimental and
simulation single track formed with 195 W and 400 mm/s.

The development of the melt pool is analyzed for the 2 mm simulation case, and
is very similar to 195 W, 800 mm/s case. Fig. 9.19 shows the shape of the melt pool at
different laser locations. The isotherms at the start of the scan are very close to each
other, which leads to the formation of the transient region. As the laser moves, the size of
the isotherms increases and becomes stable after the laser has traveled a certain distance.
The melt pool fully develops only after traveling almost 1 mm as that in 800 mm/s case.
However, the radius of the depression opening, in this case, is small initially, which
grows as the laser travels.
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Figure 9.19 Development of melt pool: 2D temperature contours obtained at the interface
between substrate and powder for 195 W and 400 mm/s.

Figure 9.20 shows the top view of the single track predicted by the simulation.
Two parallel lines are drawn considering the central steady-state region. The initial
increase in the track width is less compared to 195 W and 800 mm/s. The end of the track
is tapered with a sharp decrease in the width of the track. The behavior at the end is
similar in both conduction and keyhole mode. The transverse melt profile is compared,
and the results show the formation of the keyhole.
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Figure 9.20 (a) Top view of the 2 mm single track formed with 195 W and 400 mm/s, and
(b) Transverse melt pool obtained from the experiment and simulation.

9.5 Conclusion
A combined experimental and numerical study is performed to observe and
understand the formation of transient and steady-state regions during the single-track
scanning in the L-PBF process. The single tracks with scam lengths of 1 mm and 2 mm
are fabricated using two scan speeds: 400 mm/s and 800 mm/s. A white light
interferometer is used to measure the surface morphology. Besides, metallography is
performed to obtain the longitudinal melt profile and observe the variation in the depth of
the melt pool along the laser scan direction. Finally, a powder scale numerical model is
utilized to understand the formation of transient and steady-state regions. The results and
analyses lead to the following conclusions.
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(1) The transient and steady-state regions are identified based on the track width. The
track is wider at the initial transient region and has decreasing width at the final
transient region. The steady region forms between the two transient regions and
has a uniform width.
(2) The transient behavior did not have an obvious effect on the depth of the melt
pool. However, there is a variation in the melt pool depth along the scan direction.
Hence, the size of the melt pool measured from the transverse profile would
depend on the location.
(3) The variation in the melt pool size is related to the difference in the thermal
gradient in different regions. The numerical study showed that the thermal
gradient is higher at the beginning of the scan. Hence initial bump with the wider
track is formed as a result of the strong backflow of the melt pool and pronounced
side flow.
(4) The width of the track becomes constant after the melt pool reaches a steady state.
Besides, the melt pool width is lower at the laser application area; hence the end
of the track has the tapered shape.
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CHAPTER 10 RESIDUAL HEAT EFFECT ON THE MELT POOL GEOMETRY
DURING THE LASER POWDER BED FUSION PROCESS

10.1 Introduction
Laser powder bed fusion (LPBF) is an additive manufacturing (AM) process that
uses a laser to melt the metallic powder particles layer by layer. Layer-wise
manufacturing enables the fabrication of very complex geometries, which include lattice
structures [128], topology optimized structures [129], etc. Such parts often consist of thin
features formed by using few scan tracks. Besides, these thin features may be formed
with very short scan lengths.
The parts are scanned with vectors parallel to each other in the LPBF process
[58]. The smaller areas have shorter scan lengths, which result in high temperatures due
to a little cooldown time. Yadroitsev and Smurov [130] studied the effect of hatch
spacing on the surface morphology. The analysis of the cross-sections of the tracks
fabricated on the build substrate shows the difference in the track height during the multitrack formation. The track at the beginning of the sequence is higher than the successive
tracks. Besides, Pupo et. al [131] concluded that the surface morphology in a multitrack
experiment is strongly affected by the hatch spacing due to heat accumulation at the
melted zone. Moreover, heat accumulation during the multitrack scan affects the
subsequent melt pool size [111]. Hu et. al [132] investigated the evolution of contact
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angle during multitrack scanning. The cross-sectional model showed that the contact
angle decreased first and then became stable with increasing track number. The authors
concluded that the trend is not affected by the changes in scan speed or hatch spacing,
rather it is determined by the fluid flow driving forces and the lifetime of the melt pool.
In this regard, numerical models are used to predict the fluid flow and melt pool size.
Lee and Zhang [25] utilized the powder scale numerical model to understand the
effect of the first scan track on the melt pool of the second track. The melt pool shape for
the first track is symmetric, while an asymmetric molten pool is obtained for the second
track. This is because of the residual heat contained in the first track while depositing the
second track. The preheating from the first track leads to the expansion of the second
track towards the first track. The more symmetric melt pool can be obtained by
increasing the hatch spacing, which results in the subsequent melt pool forming away
from the heat-affected zone due to the melting of the previous track [133]. Criales et. al
[134] performed the multi-track simulation for the LPBF process and observed the
increase in the melt pool size in the subsequent tracks due to the heat-affected zones from
the previous tracks. Bayat et. al [135] developed a numerical model to investigate the
formation of the lack of fusion voids in Inconel 625 during multi-track/multi-layer LPBF.
The study suggested that the lack of fusion pores, which are mostly elongated in the
direction parallel to the scanning tracks, are mainly found in the lower layers de to the
lower thermal energy compared to the higher levels. Gu et. al [136] studied the melt pool
formation in multi-track, multi-layer, and multi-material during the LPBF process.
The difference in the surface height between the successive track is apparent in
the LPBF process, and such variations in the surface morphology may lead to the internal
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porous structure during layer-wise fabrication [130]. Besides, the tracks formed have
transient regions that would also affect the part quality, especially with the shorter scan
vectors [84]. On the other hand, increasing the scan length may increase the residual heat
which is also undesirable [137]. In this study, the effect of the residual heat on the quality
of the melt pool during the small area fabrication is investigated. EOS M270 is used to
fabricate the multi-track and multi-layer samples using Inconel 625. Three back and forth
scan tracks using different levels of scan speed, hatch spacing, and scan lengths are
formed. Besides, two layers are used to fabricate the multi-layer sample. The surface
profile of the multi-track and multi-layer samples are obtained using the white light
interferometer. The variation in the surface profile due to the back and forth scanning is
analyzed. Further, the transverse metallography is performed at the laser turn around
regions and the center of the tracks to observe the variation in the melt pool depth. In
addition, a powder scale numerical model is developed to understand the effect of
residual heat in the melt pool at the scan lengths of 0.5 mm and 1 mm.

10.2 Experimental Approach.
Table 10.1 shows the experimental design used to form the multi-track and multilayer samples. Three levels of scan speed, two levels of hatch spacing, and three levels of
scan lengths are used. Hence, multi-track and multi-layer samples with the combination
of 18 parameters are fabricated for each. Three tracks are formed with back and forth
scanning to investigate the effect of residual heat on the melt pool, while two layers are
formed for the multi-layer study.
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Table 10.1 Experimental design used to fabricate multi-track samples.
Laser Power (W)

195

Scan speed (mm/s)

375, 750, 1500

Hatch spacing (µm)

80, 120

Scan length (mm)

0.5, 1, 1.5

Figure 10.1 illustrates the scanning pattern utilized in this study. Martin et. al
[121] investigated the pore formation mechanism at the laser turn point during the LPBF
process using in situ X-ray imaging and multi-physics simulation. The change in the laser
scan velocity at the turn points leads to the formation of a deeper keyhole, and the pores
are formed due to the collapse of the keyhole depressions. In this study, the acceleration
and deceleration of the laser occur outside of the hatch lines, thus maintaining the
constant energy input inside the scan lines. The laser jumps the distance of hatch spacing
to form successive tracks, and the same pattern is used for the second layer, that is the
first track in the second layer is formed on top of track 1 of the first layer.

Figure 10.1 Schematic of the constant energy input in the scan lines during raster
scanning.

190

Figure 10.2(a) shows the sample design. EOS M270 is used to fabricate the multitrack and multi-layer samples with 40 μm layer thickness, and the fabricated samples are
shown in Figure 10.2(b). The semi-cylinder base is fabricated with EOS parameters,
while the multi-track samples are fabricated on top of the base using user parameters
listed in Table 10.1. The samples are detached from the build platform after the
fabrication, and the support is removed by polishing.

Figure 10.2 (a) Single layer designed on top of the semi-cylindrical base, and (b) Single
layer samples fabricated using EOS M270.

A micro-CT scanner is utilized to observe the surface morphology and the internal
pores. The pores may form due to keyhole melting or lack of fusion melting. However,
the resolution of the micro-CT limited the measurement of the surface profile for detailed
analysis. Hence, the surface morphologies of the test area are obtained using a white light
interferometer. Besides, metallography is performed to determine the mode of melting
and observe the variations in the transverse melt pool boundaries at different regions
along the scan direction.
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10.3 Numerical Approach
10.3.1 Discrete Element Method
During the LPBF process, the build platform lowers by a layer thickness, and a
layer of powder is spread using a roller or a recoater blade depending on the LPBF
system. EOS M270 utilizes a recoater blade to spread the powder, and Figure 10.3 shows
the schematic of major components involved in the layering process. It is important to
model the powder spreading process to obtain a representative powder bed distribution.
Hence, an opensource DEM code called LIGGGHTS is used to simulate the powder
spreading process [16]. The powder particle generated in the dispenser is spread over the
build platform by the recoater blade, as shown in Figure 4. The gap between the recoater
and the build platform determines the powder distribution. However, the actual layer
thickness of the powder may vary according to the build height, due to the inherent
shrinkage during the building process. Some studies mention that the theoretical steadystate powder layer height is equivalent to the layer thickness divided by the packing
density [17]. Assuming the powder packing density of 50%, 80 μm powder is required to
form a 40 μm solid layer. As the single tracks are formed after reaching a steady state in
the experiment, the gap distance of 80 μm is used between the build platform and the
recoater blade in the DEM simulation. However, the surface roughness of the substrate
during the experiment is not considered in the simulation.
For the second layer DEM simulation, the surface formed after the first layer
scanning is utilized. The powder bed from the first layer is lowered by 80 μm, which is
the actual layer thickness of the first layer. However, the gap between the recoater blade
and the base is reduced to 40 μm for the second layer as the shrinkage is accounted for
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during the first layer scanning simulation. This method enables to investigate the
variation in the powder distribution and layer thickness across the second layer due to the
inherent surface roughness in the first layer. Figure 10.4 elaborates on the variation in the
gap between the first layer and second layer powder spreading process.

Figure 10.3 The working of the powder spreading process during LPBF process.

Figure 10.4 Consideration of actual powder height for first layer and second layer DEM
simulation.
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10.3.2 Thermo-fluid Simulation
The layer of powder particle on top of the build platform is obtained from the
DEM simulation, which is then imported to the FLOW-3D commercial software to
perform the thermo-fluid simulation. Figure 10.5 shows the simulation domain used for a
0.5 mm scan length. Two scan lengths are simulated, 0.5 mm and 1 mm, and the length of
the simulation domain is modified based on the scan length. Further, the simulation
domain is divided into two zones: the inner zone has fine hexahedral mesh (5 μm) where
laser scanning is performed, and the outer zone has coarse mesh where the thermal
gradient is low.
The temperature dependent IN625 material properties are assigned to the powder
layer and solid substrate. Figure 10.6 shows the temperature dependent conductivity,
specific heat capacity, and density of IN625. Besides, other material properties used in
the simulation are listed in Table 10.2 [18]. A gaussian laser is modeled to perform the
back and forth scanning and investigate the effect of scan length on the melt pool. After
the completion of first layer scanning, the free surface is used to simulate the second
layer powder spreading in LIGGGHTS. The obtained second layer powder is again
imported to the thermo-fluid model, and finally back and forth scanning is performed.

Figure 10.5 . Simulation domain used for 0.5 mm scan length simulation.
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Figure 10.6 Temperature dependent material properties of Inconel 625 [19].

Table 10.2 Properties of In625 in a thermo-fluid simulation.
Parameters
Solidus temperature, TS (K)
Liquidus temperature, TL (K)
Boiling temperature, Tv (K)
Viscosity(kg/m-s)
Surface tension (N/m)
Surface tension gradient (N/m-K)

Values
1563
1623
3188
0.007
1.8
-2E-05

10.4 Results and Discussion
10.4.1 Experimental Results
Micro-CT Scanning
The multi-track and multi-layer samples are scanned using Bruker micro-CT to
observe the pores formed beneath the surface. Figure 10.7 shows the surface morphology
of the multi-track and multi-layer samples fabricated with 195 W laser power, 120 μm
hatch spacing. Besides the detailed view of a 1 mm scan length is presented. The pores
formed due to the parameter settings along with the free surface of the multi-track and
multi-layer samples is observed. The keyhole pore formation with 195 W and 375 mm/s
is evident, while 750 mm/s and 1500 mm/s did not result in the keyhole porosity. The
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surface morphology is also affected by the process parameters. Although the scan speeds
of 375 mm/s and 750 mm/s resulted in similar surface morphology, 1500 mm/s resulted
in very different surfaces. The higher speed resulted in lower track width, and the hatch
spacing of 120 μm forbade the proper overlap between the two tracks. Hence, the
individual scan tracks are identified.
The pore number is higher for two-layer sample compared to the single layer as
the possibility of pore formation increases with each scan track due to the formation of
the keyhole. The surface morphology between the multi-track and multi-layer is very
similar for the 375 mm/s and 750 mm/s. This may be due to the use of the same scanning
pattern for all layers. However, the surface worsened for 1500 mm/s with increasing layer
number. The higher hatch spacing at the lower energy density increased the surface
roughness.
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Figure 10.7 (a)Multi-tracks, and (b) Multi-layers formed with 120 μm hatch spacing.

Surface measurement
Figure 10.8 presents the surface morphologies of multi-track samples fabricated
with 195 W laser power, 750 mm/s scan speed and 120 μm hatch spacing at different
scan lengths. The effect of the residual heat is higher for 0.5 mm scan length as the three
tracks resulted in a single bump. As the length was increased, the tracks became distinct,
and the transient and steady region was more obvious with 1.5 mm. Although the
difference in the profile is evident, the maximum height difference between the track
surface and the base is comparable, which is around 120 μm for all scan lengths. Besides,
the maximum track height is seen at the beginning of the track due to the formation of a
hump. The hump is formed due to the backward surge of the melt pool at the laser turnon region [20]. Besides, the minimum surface height mostly lies at the end of the track.
This is due to the formation of depression at the laser turn off region. At the laser turn
regions, the melt pool formed during the scanning of the previous track may not fully
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solidify while another track is being scanned resulting to merge the two tracks. Hence, it
is also noticed that the laser turning regions have continuity as if the laser itself turned to
form an arc although the laser jumped between the tracks.

Figure 10.8 Multi-track profiles formed with 195 W, 750 mm/s and 120 μm at different
scan lengths.

The surface formed with the same parameters is compared between multi-track
and multi-layer, which is presented in Figure 10.9. The transverse profile is obtained to
include the region with the maximum surface height as indicated in Figure 10.9. The
surface height gradually decreased with the increasing number of tracks. The 2D profile
shows the maximum surface height for the single-layer is around 75 μm, while the
maximum height of the two-layer sample is 150 μm. The single-track experiments
showed that the surrounding particles are depleted as the particles are entrained of
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powder particles in a shear flow of gas driven by a metal vapor jet at the melt track [21].
This denudation phenomenon increases the surface height of the first track significantly.
On the other hand, the depletion of the powder particles in the surrounding would result
in lower powder mass for the next track. Hence, the track height decreased for the second
track.

Figure 10.9 Surface morphology obtained with multi-track and multi-layer formed with
195 W, 750 mm/s and 120 μm.

Metallography
The metallography is performed on the 0.5mm and 1 mm long multi-track
samples formed with parameters: 195 W and 120 μm at different scan speeds. The melt
pool boundaries at the start, middle, and end of the tracks as indicated in Figure 10.10(a)
are obtained. Figure 10.10(b-d) shows the melt pool boundary obtained at three regions.
The effect of the residual heat on the melt pool is apparent in this case. There is a
significant overlap between the tracks for conduction mode (750 mm/s) and keyhole
mode (375 mm/s) melting. However, there is no effect on the higher speed (1500 mm/s)
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as the tracks do not overlap due to the mismatch between the track width and the hatch
spacing. The overlap between track 1 and track 2 is maximum at slice 3, where the laser
turns from track 1 to track 2. Similarly, the overlap between track 2 and track 3 is
maximum at slice 1. The difference in the overlap between different regions is very small
in this case.

Figure 10.10 (a) Location of the three sections, and transverse melt pool boundary from
(b) slice 1, (c) slice 2, and (d) slice 3 of 0.5 mm scan length formed with 195 W laser
power, 120 μm hatch spacing and scanning speeds of 1500 mm/s (left), 750 mm/s
(middle), an
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The melt pool boundary obtained from three different regions as indicated in
Figure 10.10(a) is achieved for 1 mm scan length, which is shown in Figure 10.11. There
is a noticeable difference between the melt pool boundary obtained with 0.5 mm and 1.0
mm scan lengths. The melt pool boundary obtained from slice 1 shows the overlap
between track 2 and track 3, where the laser turns. At the laser turn region, the melt pool
of the second track may not solidify completely when the laser scans the third track.
Hence the melt pool from the third track would merge with the melt pool from the second
track. However, there is no such overlap between track 1 and track 2, as the region
includes the beginning of the first track and would solidify when the melt pool from the
second track reaches the beginning of the first track. The melt profile obtained in the
middle of the track (slice 2) shows a more consistent overlap between the tracks. This is
different from overlaps noticed at slice 1, and the merging of the melt pool from two
tracks is not evident in this region. The merging of the melt pools would depend on the
lifetime of the melt pool. The melt profile is inclined towards the previous melt pool,
which may be due to the residual heat from the previous track. The melt profile obtained
at slice 3 shows the higher overlap between track 1 and track 2. Again, the higher overlap
at the laser turn is due to the residual heat and unsolidified melt pool. The laser turns
from laser 1 to laser 2 in this region which resulted in a larger overlap. Besides, the melt
pol obtained from 1500 mm/s shows three distinct tracks, with no or minor overlap
between the tracks. This is due to the use of higher hatch spacing in relation to the track
width resulted from using 1500 mm/s at 195 W laser power.
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Figure 10.11 Transverse melt pool boundary of 1.0 mm scan length from (a) slice 1, (b)
slice 2, and (c) slice 3 formed with 195 W laser power, 120 μm hatch spacing and
scanning speeds of 1500 mm/s (left), 750 mm/s (center), and 375 mm/s (right).

The transverse melt pool boundary is also obtained from the two-layer sample.
The multi-track experiment exhibited the existence of a huge variation in surface height
along the longitudinal and transverse direction. This would cause the variation in the
effective powder layer thickness for the second layer scanning, which in turn affects the
laser penetration and the melt pool formation. Hence, the metallography is performed to
detect the differences in the melt profile between the first layer and the second layer.
Figure 10.12 shows the transverse melt pool boundary obtained from the 1 mm sample.
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The images correspond to the slice 1 location discussed in the multi-track metallography.
The melt pool boundaries formed with the two layers are distinct, which shows the
similarity in the melt pool between two layers due to the use of same scanning strategy.
However, the surface profile of the first layer affected the melt pool depth, which is
significant in the conduction mode melting (Figure (10.11(b)). Besides, lack of fusion
and keyhole pores are observed for the incomplete melting parameter (Figure 10.11(a)),
and keyhole parameter (Figure 10.11(c)) respectively. The lack of fusion pores is formed
between the track, while the keyhole pore is formed inside the track.

Figure 10.12 Micrographs of two-layers formed with 195 W laser power, 120 μm hatch
spacing, (a) 1500 mm/s (b) 750 mm/s, and (c) 375 mm/s.

10.4.2 Numerical Results
The experimental result showed that the residual heat has considerable effect on
the melt pool boundary and the surface formation. The residual heat may depend on the
material property which affects the life of the melt pool. Hence, numerical simulations
are performed to understand the effect of residual heat on the development of the melt
pool. Besides, the variation in the actual powder layer thickness due to the variation in
the surface height of the first layer is investigated.
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Multi-track results
Figure 10.13 presents the temperature contour of the multi-track simulations
performed with 0.5 mm and 1 mm scan lengths. The laser power, scan speed and hatch
spacing used in the simulation are 195W, 750 mm/s, and 120 μm, respectively. The
length of the melt pool is around 1 mm with the used laser parameters. Hence, the effect
of residual heat is significant in the case of 0.5 mm. As the laser begins to scan the third
track, the melt pool from the previous two tracks did not solidify in case of 0.5 mm.
However, the melt pool formed at the first track solidified when the laser started to scan
the third track in case of 1 mm scan length. The lifetime of the melt pool would highly
affect the microstructure formed during the L-PBF process.

Figure 10.13 Temperature contour of the multi-track formed with 195 W laser power,
750 mm/s scan speed, 120 μm hatch spacing, and different scan lengths.

Figure 10.14 presents the transverse melt pool at different locations. Three slices
discussed in the experiment (Figure 10.10) are analyzed for the simulation too. The melt
pool obtained from the first track is indifferent at different locations, and the melt pool is
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mostly symmetrical. At the first location (slice 1), the melt pool formed with the second
track is not affected by the first track as the temperature distribution shows that the melt
pool has already solidified. However, the laser turns from track 2 to track 3 near location
1. Hence, the melt pool formed in track 3 scanning merged with the unsolidified melt
pool from track 2. Similarly, the change in the shape of the melt pool between the
successive tracks at the center of the tracks is obtained. As the laser reaches the center of
the second and third tracks, the melt pool at the center of the previous tracks has already
solidified. Hence, the melt pools do not overlap as that in the laser turn regions.
Moreover, the shape of the melt pool is similar for the second and third track due to the
similar effect of residual heat. Hence, it may be said that the melt pool is steadier along
the transverse direction at the center of the 1 mm long back and forth scanning. The melt
profile obtained at location 3 with laser turnaround from track 1 to track 2 is also
presented. Again, the overlap between the tracks shows similar behavior at that of melt
profile obtained at location 1. As the laser scans the second track, the melt pool formed
merges with the unsolidified melt pool from the first track. However, the third track is not
affected by the residual heat.
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Figure 10.14 Temperature contour to observe the melt pool at different locations.

Figure 10.15 shows the top view of the three-tracks and the melt profile obtained
from three locations. The transverse melt region from slice 1 and slice 3 show the
difference in the melt pool boundary at the laser turning area, which is observed from the
temperature profile shown in Figure 10.10. The melt pool overlap area is higher when
there is laser turning as seen in the experiment. The melt pool taken at the center of the
tracks shows the gradual increase in the melt pool depth from track 1 to track 3.
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Figure 10.15 Melt profile formed at different region along the scan direction.

The analysis of the transverse melt pool revealed the effect of residual heat and
the unsolidified melt pool on the melt pool boundary. Figure 10.16 presents the
longitudinal view of the simulation performed with 195 W, 750 mm/s, and 80 μm hatch
spacing. The effect of scan length on the development of the melt pool and the melt pool
depression is analyzed. There is a significant increase in the depression at the beginning
of the second track due to the residual heat. Although the constant energy input is
maintained, the residual heat from the previous track led to the formation of the deeper
melt pool at the beginning of the second track. As the laser traveled to the middle of the
track, the effect of residual heat lessened. However, the effect of residual heat is still
present, and the depth of the melt pool increased. Again, the depth of the melt pool
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increased significantly as the laser changed direction for track 3 scanning. Besides, the
transverse melt region taken at different regions from 0.5 mm and 1.0 mm cases show
that the effect of residual heat at the laser turn region is similar. The major difference
between the two cases is seen for the melt pool boundary at the center of the scan track,
which is 0.25 mm for 0.5 mm scan length and 0.5 mm for 1.0 mm scan length. The depth
of the melt pool increased significantly with an increasing number of tracks for 0.5 mm,
due to the residual heat. In contrast, the melt pool depth increased by a small measure for
1.0 mm. In this regard, the effect of residual heat has a significant effect on the smaller
tracks.
The effect of hatch spacing can be compared from Figure 10.15 and 10.16, which
shows the transverse melt regions formed with 120 μm and 80 μm hatch spacings
respectively for scan length of 1 mm. The melt profiles obtained from three region shows
that hatch spacing has a significant effect on the laser turn regions. There two melt pool
tend to merge completely with lower hatch spacing.
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Figure 10.16 Evolution of melt pool and vapor depression with 195 W laser power, 750
mm/s scan speed, 80 μm hatch spacing, and scan lengths of (a) 0.5 mm and (b) 1.0 mm.

Multi-layer results
The multi-track simulation performed over the solid substrate showed the
limitation of the mesh-based numerical model. The powder dynamics and its effect on the
single-track morphology are not captured. However, the variation in the track surface due
to the shrinkage is evident. The height of the track decreased from the start of the scan to
the end, and from the first track to the third track. Consequently, Figure 10.17 shows the
variation in the actual powder layer thickness obtained from the second layer DEM
simulation. The green region is the mesh obtained from the first layer simulation, and the
blue region is the powder particles being deposited over the first layer surface during the
second layer DEM simulation. The resulting differences in the powder distribution would
affect the subsequent melt pool formation.
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Figure 10.17 Variation in the actual powder layer thickness due to the variation in the
surface height of the substrate layer.

Figure 10.18 presents the transverse melt profile obtained at three different
locations from the two-layer simulation. The melt pool boundary of the first layer,
powder distribution after the second layer DEM simulation, and the second layer melt
pool boundary are compared at different locations. The actual powder layer thickness
varies across the second layer as seen from the three slices taken at different locations.
The powder distribution affected the second layer melt pool boundary. However, the
trend of the melt pool boundary is like the first layer. There is a huge overlap between the
tracks at the laser turn region. Besides, the second layer prediction would depend on the
first layer surface morphology and the resultant powder distribution. As the simulation
model predicted surface profile is contrasting to the experimental result, the resultant
melt pool boundary is not comparable to the experimental melt pool boundary.
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Figure 10.18 Second layer melt pool boundary obtained with 195 W laser power, 750
mm/s scan speed, 80 μm hatch spacing and 0.5 mm scan length.

The second layer simulation is also performed for low energy density case. Again,
the transverse melt profile from three different regions is presented in Figure 10.19. The
use of lower energy density shows the formation of the lack of fusion pores. The
formation of a lack of fusion pore is apparent in the first layer simulation. In addition, the
surface morphology worsened in the second layer. Such behavior is also observed in the
experiment, as the surface became very distorted in the second layer scanning.

211

Figure 10.19 Second layer melt pool boundary obtained with 195 W laser power, 1500
mm/s scan speed, 120 μm hatch spacing and 0.5 mm scan length.

10.5 Conclusions
In this paper, a combined experimental and numerical study is performed to
understand the effect of scan length on the residual heat and melt pool behavior during
the multi-track and multi-layer fabrication. EOS M270 is used to fabricate IN625 multitrack samples with scan lengths of 0.5 mm, 1 mm, and 1.5 mm. A white light
interferometer is used to measure the surface profile at first. Thereafter, the
metallography is performed to reveal the transverse melt profile and observe the melt
pool shape variations along the laser travel direction. A thermo-fluid numerical model is
developed to understand the physics behind the discrepancies in the melt pool at different
regions of the sample. The analyses of the results led to the following conclusions.
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•

The residual heat effect is significant for shorter scan lengths, and the size of the
melt pool increased significantly with increasing track number for a scan length of
0.5 mm. Besides, most of the region remained in a molten state during the threetrack fabrication. Hence, the surface morphology of the 0.5 mm multi-track
showed a single bump due to the surface tension.

•

The transverse melt pool boundary obtained from the laser turn region showed a
significant overlap between the tracks, both in experiment and simulation. The
numerical analysis showed that the overlap is due to the merging of the melt pools
from the two successive tracks. Besides, the overlap region is significantly higher
for a 0.5 mm scan length compared to 1 mm.

•

The hatch spacing also has a significant effect on the formation of the subsequent
melt pool boundary due to the presence of residual heat. Apart from the increase
in the overlap, the depth of the melt pool increased significantly with lower hatch
spacing.

•

The surface profile of the first layer affected the actual powder layer thickness in
the second layer, which in turn affected the second track formation in the second
layer. Besides, the micrograph showed that the gap between the two-layer
boundaries is higher for the region with a higher first layer surface height.
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CHAPTER 11 BUILD LOCATION EFFECT ON THE SINGLE-TRACK PORE
CHARACTERISTICS FORMED WITH SELECTIVE LASER MELTING PROCESS

11.1 Introduction
The laser powder bed fusion (LPBF) process is a powder bed additive
manufacturing (AM) process that utilizes a laser to melt the powder particles and solid
substrate beneath. Hence, the laser parameters such as laser beam profile [138], laser
power, and scan speed [106]would determine the mode of melting and quality of the scan
track. Besides, the laser parameters, the powder size distributions [139], layer thickness
[140], inert environment [141], etc. also introduce variability during the LPBF process. In
addition, the layer-wise fabrication process leads to anisotropy, location-specific
properties, residual stresses, distortion, etc. [142].
Wang [143] investigated the effect of spatial location on the tensile property
during the LPBF of Hastelloy X alloy. The yield stress, ultimate stress, and elongation
are found to be almost identical for the specimens build at the center and corners.
Similarly, Zhang et. al [144] performed the analysis of variance and the results showed
that the build location has less effect on the tensile property. Besides, Fitzgerald and
Everhart studied the effect of the location on the structure and mechanical properties
during the LPBF of 316L stainless steel [145]. The data showed that spacing between the
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parts in the build influenced the tensile properties if the spacing were large enough, while
the build height did not have much effect on the tensile properties.
Ferrar et. al [141] studied the repeatability of the LPBF process within a build and
between different builds and concluded that the build location affected the porosity and
the compression strength. The location-dependent properties within and between the
builds in the LPBF process is due to the differences in the microstructure, residual stress,
defects, etc. [146] Besides, Edwards and Ramulu [32] noted the importance of porosity
characterization with respect to the build location and orientation. The presence of
location-specific property in the LPBF process impedes the part qualification desired for
different applications. Hence, the parameters which introduce or enhance such effect
need to be investigated to obtain better control of the parts over the build volume. In this
study, the single tracks are fabricated at the extreme locations to investigate the effect of
the spatial placement of the tracks on the porosity. Four single tracks are formed with 195
W laser power and four scan speeds (200 mm/s, 400 mm/s, 600 mm/s, and 800 mm/s)
inside the hollow cylinder samples, which is fabricated at the center and four corners of
the build platform. Among the four single tracks, 200 mm/s and 400 mm/s results in
keyhole melting while 600 mm/s and 800 mm/s results in conduction melting. The pores
formed due to the laser parameters are investigated using a micro-CT scanner.

11.2 Experiment Design and Sample Fabrication
In this study, four scanning speeds (200 mm/s, 400 mm/s, 600 mm/s, and 800
mm/s) are used with constant laser power of 195 W to investigate the effect of build
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height and location on the porosity. The hollow cylinder design [106] is utilized (Figure
11.1(a)), and four tracks are accommodated in one sample ( Figure 11.1(b)). The single
tracks are formed with the user parameters, while the cylinder is formed with default Ti6Al-4V EOS parameters (170 W laser power, 1250 mm/s scan speed, and 100 μm hatch
spacing). The sample is built in the Z-direction, and the hollow region of the cylinder is
filled with the powder particles after the build due to the nature of the process.
The spatial distribution of the samples is shown in Figure 11.1(c). The cylinder
samples are rotated by 45 degrees to minimize the interaction between the part and the
recoater blade. One sample is fabricated at the center (C) and four samples are fabricated
at the corners (C1-C4) of the 250 mm × 250 mm build plate. Besides, three samples are
fabricated at different build heights. Although the build height is different, the single
tracks are formed at the same focal distance. The distance in height between the
successive single track is 49.98 mm, which corresponds to 1666 layers since 30 μm layer
thickness is used. Figure 11.1(d) shows the samples fabricated at different locations and
different heights. The samples are fabricated using the EOS M270 system, which utilizes
200 W Ytterbium (Yb) fiber laser. The laser motion is controlled by the galvo mirrors
and focused on the build platform using the F-theta lens. The system is capable of
variable focal diameter from 100-500 μm, while the constant beam diameter of 100 μm is
used during the fabrication of Ti-6Al-4V. The powder size distribution of 0-45 μm is
used.
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Figure 11.1 (a) CAD model of the specimen (unit in mm), (b) Single tracks designed on
top of previously deposited semi-cylinder, (c) Spatial distribution of the samples, and (d)
Samples fabricated at different locations and different build heights.

11.3 Results and Discussion
The CT results obtained after the image reconstruction is analyzed. Figure 2
shows the longitudinal cross-section of the single tracks formed with 195 W and 200
mm/s at different locations and the same build height of 106.56 mm. The distribution of
the pores along the laser travel direction is compared. The density of the pores is lower
for locations C and C1, while location C3 had visibly more pores than other locations.
The effect of the location on the pore number and distribution is evident from Figure
11.2. However, there may be other parameters that may induce variability in the keyhole
porosity besides the location. The instabilities of the keyhole that leads to the pore
formation is a complex interaction and would have variation for the same material and
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same process conditions. Besides, the EOS M270 system has an undirected inert gas
flow, which may also contribute to the variability in the keyhole pores [147].

Figure 11.2 2D slices of 200 mm/s formed at different locations (build height=106.56
mm).

The average pore number and volume obtained from the keyhole parameters, that
is 195 W, 200 mm/s and 195 W, 400 mm/s, are summarized in Figure 11.3(a, b). The
results show that the location has a higher effect on porosity compared to the build
height. Besides, the porosity is highest at a corner located away from the build chamber
window and towards the dispenser platform (C3). The average diameter and depth of the
pores are also affected by the location. The average pore diameter is maximum for the
single tracks (195 W, 200 mm/s, and 195 W, 400 mm/s) formed at location C3. The
higher average pore diameter at this location resulted in a significant increase in the pore
volume, while there is no significant increase in the pore number. In contrast to the pore
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number and diameter, the average depth of the pores is minimum at location C3. Besides,
the trend of the diameter and depth follows for both keyhole melting cases, with the pore
depth decreasing when there is an increase in pore diameter. It is also observed that the
variability due to the build height is lower compared to the variability due to the location
in the case of 195 W and 200 mm/s case. Ferrar et. al [141] showed that the variation in
the porosity over the build platform is higher in the absence of the directed gas flow
inside the build chamber. Hence, the variation in the porosity at a different location may
be due to the undirected inert gas flow inside the build chamber in EOS M270 [141, 148].
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Figure 11.3 Characteristics of pores formed with 195 W, 200 mm/s and 195 W, 400 mm/s
(a), (b) pore number and volume, (c), (d) Average pore diameter, and (e), (f) average pore
depth.

The 2D pores from micrographs are compared with the 2D pores obtained with
micro-CT in Figure 11.4. The series of pores are comparable; however, the size of the
pores appear smaller for micro-CT compared the metallography. Both micro-CT and
micrographs measurements are influenced by several factors. CT results are influenced
by image artifacts such as misalignment, X-ray beam hardening, ring artifacts, etc. On the
other hand, micrographs can be influenced by light and focus settings and stitching
operations [110]. Besides, pores with sizes lower than the resolution of the micro-CT
cannot be detected. Hence, the small pores observed with the metallography are not
visible from the CT results.
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Figure 11.4 2D porosity comparison between micro-CT and micrograph.

11.4 Conclusions
A micro-CT scanner is used to measure the keyhole pores formed inside the
single tracks fabricated at different locations of the build platform. The results showed
that there is a huge variation in the porosity at different locations, which may be due to
the undirected flow of inert gas inside the build chamber. Besides, the variation in
porosity at different build height is evident but not as significant as the build location.
The tracks are formed at the same focal distance, although the build heights are different,
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which may be the reason for the small variation. Moreover, the CT scan measured small
pores compared to the micrographs, while missing small pores due to the limitation in the
resolution.
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CHAPTER 12 CONCLUSIONS AND FUTURE WORK
12.1 Conclusion
This dissertation elaborates the effect of process parameters on the quality of the parts
fabricated with PB-AM processes. The conclusions from this dissertation are:
•

The speed of the electron beam affects the temperature gradient, which in turn affects
the fluid flow. The differences in the fluid flow, melting and solidification lead to the
variation in the surface roughness. In general, the average roughness. Besides, the
surface roughness in the transverse direction is higher compared to the scanning
direction. Semi-periodic waves are observed in the transverse direction, which
significantly contributed to the surface roughness. The numerical model developed
using the volume of fluid method captured the surface formation due to the melting
and solidification. The temperature melt pool size and roughness predicted by free
surface simulation were in good agreement with the experiment.

•

The powder scale numerical model showed that the outward flow is observed during
the melting process, while the inward flow is observed during the solidifying stage.
Besides, the energy density affects the size of the melt pool, and the track width
decreases with decreasing laser energy density. The single-track bead height is
significantly lower in the simulation compared to the experiment, due to the limited
physics and powder height considered. However, the multi-layer simulation showed
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that the proper interlayer bonding is present with 195 W laser power and 1000 mm/s
scan speed.
•

Keyhole porosity generally increases with increasing LED. Besides, the average
porosity and average depth of the pores also increased with increasing LED.
However, the limitation of using the LED as a porosity parameter is evident. At the
same LED, increasing the laser power has a higher effect. Considering 0.48 J/mm, at
a low power level (24 W and 50 mm/s), balling formation due to incomplete melting
is observed. On the other hand, as the power increase from 96 W to 195 W, keyhole
pores are observed, and the depth of the pores increases with increasing the laser
power.

•

The laser energy affects the mode of the melting. In the conduction mode melting, the
applied energy can only form small depression, which prevents the significant
interaction between the surface tension pressure and the evaporation pressure.
Besides, in keyhole mode melting, the magnitude of the evaporation pressure is very
high which leads to a huge depression. The radius of the keyhole is also a strong
function of laser power, and the instability caused by the interaction between the
surface tension pressure and the evaporation pressure leads to the formation of the
pore. At the same LED, the keyhole depth increased with an increase in the laser
power from 100 W to 300 W, but then slightly decreased when the power was further
increased from 300 W to 400 W, possibly due to the saturation of the laser energy
absorption within the keyhole.

•

Multilayer porosity results show that the pore number depends on hatch spacing. The
number of pores reduced with increasing hatch spacing up to from 60% to 90%. But
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the increase in hatch spacing from 90% to 120% introduced a lack of fusion pores
which significantly increased the pore number. Besides, the hatch spacing of 60% to
90% did not affect the pore size, while the hatch spacing of 120% introduced a lack
of fusion pores which increased the average pore diameter.
•

The mode of melting progressed from incomplete melting to conduction melting, and
finally to keyhole melting with an increase in the laser power and scan speed at the
same LED. Besides, the depth of the melt pool increased consistently with the
increase in laser power. However, the keyhole porosity did not increase with an
increase in the melt pool depth, instead, the keyhole porosity increased to a certain
level and then decreased with further increase in laser power. The numerical results
show that the increase in the melt pool depth is due to the increase in the melt pool
temperature and the vapor pressure. Besides, there is a significant increase in
penetration with a small increase in laser power due to the exponential relationship
between the recoil pressure and the surface temperature. The vapor opening in the
conduction mode is stable, and the instability in the keyhole becomes evident with an
increase in the depth of the keyhole. The experimental and numerical analysis showed
that the LED may not be used as a sole parameter to distinguish the mode of melting
as the laser power has a greater effect on melt pool depth than the scan speed.
Normalized enthalpy, which includes process parameters as well as material
properties, may be more appropriate to explain the shifting from conduction to
keyhole mode melting.

•

The transient and steady-state regions are identified based on the track width. The
track is wider at the initial transient region and has decreasing width at the final
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transient region. The steady region forms between the two transient regions and has a
uniform width. However, transient behavior did not have an obvious effect on the
depth of the melt pool. The variation in the melt pool size is related to the difference
in the thermal gradient in different regions. The numerical study showed that the
thermal gradient is higher at the beginning of the scan. Hence initial bump with the
wider track is formed because of the strong backflow of the melt pool and
pronounced side flow. The tapered shape at the end of the track is due to the semilemniscate shape of the melt pool.
•

The effect of residual heat on the melt pool boundary is evident from the scan length
effect study. The size of the melt pool increased significantly for a scan length of 0.5
mm. Besides, the length of the melt pool for 195 W, 750 mm/s is greater than 0.5
mm. Hence, the surface morphology of the 0.5 mm multi-track showed a single
bump. The transverse metallography shows the variation in the melt pool boundary at
different locations. The laser turn region showed a significant overlap between the
tracks. The overlap is due to the merging of the melt pools from the two successive
tracks.

•

A single-track porosity measured at different build locations showed that there is a
huge variation in the porosity at different locations, which may be due to the
undirected flow of inert gas inside the build chamber. Besides, the variation in
porosity at different build height is evident but not as significant as the horizontal
build location. The tracks are formed at the same focal distance, although the build
heights are different, which may be the reason for the small variation. Moreover, the
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CT scan measured small pores compared to the micrographs, while missing small
pores due to the limitation in the resolution.

12.2 Future work
The new research opportunities are identified based on the work performed for the
dissertation. The future works include:
•

The inclusion of material properties to obtain the parameter-property chart for
different materials is very important. The thermal properties of the materials vary,
which affect their response during the laser interaction. Hence, material properties
strongly affect melting behavior during the LPBF process. Future studies can be
undertaken to develop a property-parameter-performance relationship for
different materials.

•

During the LPBF process, a negative pressure is developed around the melt pool,
which draws the freely moving neighbor particles towards it. This increases the
effective layer thickness for the track while eroding the mass for the following
track. Such a phenomenon exacerbates the surface roughness and even leads to
the mechanical interaction between the part and the recoater blade. The physical
parameters that contribute to the negative pressure during the LPBF process may
be investigated using a high-fidelity model. The optimization of the build
chamber as well as parameters may be performed to minimize the denudation
during the LPBF process.
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•

The recoil pressure exerted on the melt pool due to evaporation also depends on
the chamber pressure. Hence, the numerical investigation may be performed to
understand the effect of chamber pressure on the recoil pressure and the
subsequent melt pool depression during the melting process. Such a study may
help control the formation of the keyhole during the LPBF process.

•

The transient zones are formed during the LPBF process. The transient length
depends on the initial condition of the powder bed and the melt pool lifetime,
which is a function of material property and the laser parameters. The transient
lengths may be measured to quantify the effect of laser parameters. Besides, the
parameters can be optimized to obtain the small features with higher dimensional
accuracy and lower failure rate.
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APPENDIX A BUILD LOCATION EFFECT ON THE SINGLE-TRACK PORE
CHARACTERISTICS FORMED WITH SELECTIVE LAESR MELTING PROCESS

The LPBF process utilizes galvanometer laser beam scanning system to control
the location of the laser in the build platform. Figure A.1 shows the schematic of
scanning system with major components. The laser source is incident on the
galvanometer-controlled mirrors, which moves the laser beam in the desired pattern, and
F-theta lens is used to focus the lens onto the build platform. F-theta lens provides a plane
focusing surface in contrast to the standard lenses which focus the laser beam on the
spherical surface. Although, theoretically the combination of galvo mirrors and F-theta
lens can result in almost constant spot size and scanning speed across the scan field,
there may be some variation which still needs to be investigated to ensure the quality of
the part is uniform throughout the build platform in the LPBF process.
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Figure A.1 Schematic of laser control in EOS M270.
Figure A.2(a) shows a typical reconstructed cylinder sample fabricated at the
build height of 6.6 mm. Hence, the upper and lower surfaces have support structures
attached to it, which was removed by polishing. The four single tracks formed on top of
the semi-cylinder base is shown in Figure A.2(b). The difference in the characteristics
between the tracks is evident as the width of the track varied with the process parameters.
Besides, the 2D slice taken at the center of 195 W and 200 mm/s track is also presented.
Three different regions: solid, powder and pore are distinguished based on the grayscale
image. The light gray color represents the solid Ti-6Al-4V, the dark gray color represents
the powder contained within the cylinder and the black region represents the void. The
significant number of pores are formed with 195 W and 200 mm/s.
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Figure A.2 CT scan results of (a) Cylinder sample (b) Single track morphology, and (c)
2D slice image showing the pores formed with 195 W and 200 mm/s.

The track width and depth are a function of laser parameters, that is laser power,
scan speed, and beam spot size. Besides, the depth of the pores may also be related to the
laser power and scan speed. The depth of the pores can be estimated using the transverse
profile as shown in Figure A.3. Besides, the 3D pores formed beneath the single-track
surface is also presented through Figure A.3(c). The formation of the keyhole pores
would depend on the instabilities in the keyhole wall, which is triggered by the recoil
pressure and surface tension pressure. The recoil pressure, which is a function of melt
pool temperature is highly affected by the laser parameters. The keyhole pores formed are
mostly spherical.
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Figure A.3 (a) Transverse section, (b) zoom in view of the track bump and pore, and (c)
3D pores formed beneath the track surface.

The pore distribution in the longitudinal direction at the center of the melt pool is
obtained by polishing. The methodology followed to obtain the micrographs is explained
through Figure A.3. The sample is first sectioned to remove all the powder contained
inside the cylinder and reveal the single tracks formed within. The sample is then cut
close to the desired track, mounted and polished to observe the pores formed along the
scan track. The longitudinal profile showing the pores formed due to 195 W and 200
mm/s is shown.
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Figure A.4 Steps followed to obtain micrographs of the pore distribution.
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